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ABSTRACT

LOW-TEMPERATURE ARTIFICIAL MATURATION STUDIES OF TYPE II AND TYPE III
KEROGENS: IMPLICATIONS FOR BIOGENIC GAS FORMATION

Albert Willy Nguena Kamga
Old Dominion University, 2015
Director: Dr. Patrick G. Hatcher
Co-Directors: Dr. Francoise Behar
Dr. Francois Baudin

Ancient organic matter (OM) in shales and coals, known mainly as Type II and Type III OM
are known to produce both biogenic, thermogenic gas and oil. In this dissertation, mild artificial
maturation, via closed system pyrolysis, is employed to determine the thermal reactivity of Type
II and Type III OM beyond diagenesis. We select three Type II kerogens: i) Type II kerogen
isolated from recent cores (3.3 Ma, Ro = 0.28) recovered from an upwelling basin in Namibia,
Africa referred to as ODP Sediment, ii) Type II-S isolated from sediments (150 Ma, Ro = 0.38)
recovered from an outcrop near the Volga River, Russia referred to as Bazhenov Source Rock
(S.R.), iii) Type II kerogen isolated from sediments (185 Ma, Ro = 0.62) recovered from an outcrop
in the Paris Basin, France referred to as Toarcian S.R.. Furthermore, we select four Type III
kerogens in which three from deep coalbed layers in Shimokita, Japan and the fourth from the
Calvert Bluff Formation, Texas, USA. Our results show that the structural identity is significantly
altered because a major portion of oxygenated compounds such as Alkyl – O, esters and carboxylic
acids is lost based on solid state 13C Nuclear Magnetic Resonance of the solid residues. Gaseous
and liquid recoveries quantitatively show that CO2 and asphaltenes are the primary thermal
products. For Type II kerogens, CO2 was co-generated with asphaltenes while for Type III kerogen

generated less thermal products with CO2 slightly later than asphaltenes. For Type III kerogens,
the three coalbeds seem to generate thermal products with respect to their maturity levels. Using
optimized activation energies set between 30 and 48 kcal/mole, bulk kinetics studies reveal that
the onset of thermal generation of CO2 and asphaltenes from Type II and Type III kerogens initiates
at 10oC with maximum product yields reached below 70oC. The molecular characterization of
asphaltenes reveals the dominance of long chain fatty acids and diacids with similar bulk kinetic
parameters as the global degradation of kerogens. These long chain fatty acids and diacids possess
the highest conversion rate into biogenic methane.
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CHAPTER I
INTRODUCTION
The burial of sedimentary organic matter (SOM) is responsible for the majority of the
world’s fossil fuels such as oil and gas, and is influenced by a combination of biological, chemical
and physical transformations mainly driven by microbial activities and geothermal gradients
(Durand and Espitalie, 1973; Tissot and Welte, 1978; Behar et al., 1995; Largeau and
Vanderbroucke, 2007). The fate of SOM is controlled by several factors such as the quality and
abundance of the deposited SOM, the sedimentation rate which dictates the extent of microbial
alteration and geothermal gradient, the presence and diversity of microorganisms and the
geological settings (Durand, 1980). As sedimentation occurs, SOM undergoes an overall alteration
causing only about 1% of the SOM to be selectively preserved and to reach deeper sediments
(Durand, 1980; Flaviano et al., 1994 and Hartgers et al., 1997).
The first stage of maturation, called diagenesis, occurs in the first hundreds of meters below
seafloor (mbsf) and is dominated by active microbial transformation of SOM (Tissot et al. 1974).
During diagenesis, microbial populations consume labile portion of SOM comprised of amino
acids or proteins and carbohydrates leading to the formation of biogenic methane and other light
products such as carbon dioxide (Hatcher at al., 1978, Rowland et al., 1993). In the past, it was
thought that microbial populations only reached the first few tens of mbsf in natural sediments.
Until recently, an increasing number of recent studies have shown that microorganisms are active
at depths greater than 800 mbsf extending the diagenic window to deeper horizons.
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Beyond diagenesis, SOM becomes refractory to microbial degradation and has been known
to eventually enter a zone called catagenesis where the recalcitrant SOM is thermally cracked
leading to oil formation followed by dry gas formation (Tissot, 1980). Previous studies have
focused on hydrocarbon potential, distribution of hydrocarbons and bulk kinetics of the thermal
alteration of SOM during catagenesis (Combaz et al., 1978, Harwood et al., 1977 and Michels et
al., 1995) because catagenesis is responsible for the oil formation which is of high interest to oil
companies. So far, little is known about the thermal reactivity of SOM in the zone between the
diagenesis and the catagenesis of SOM. This zone may hold key information on processes such as
biogenic gas formation.
With the continuously increasing demand in energy and the recent findings of huge biogenic
gas reservoirs in deep sediments such as the super giants of the Levantine basin, Israel and Shorouk
block, Egypt, scientific attention has been geared towards both natural conditions and geochemical
pathways responsible for the development of such super giant natural gas fields (Siddig and
Grethe, 2014). Consequently, the focus of many studies have been shifted towards biogenic gas
formation, the presence and activity of microorganisms at deep horizons and their different sources
of energy to explain the natural occurrence of those super giants. Indeed, a recent study on the
biodiversity of microorganisms in deep sediments has shown that microorganisms are present and
active at deep horizons at temperatures as high as 120oC (Takai et al., 2011). Moreover, other
studies have revealed that methanogenic consortia of microorganisms have their maximum
efficient temperatures at around 40oC but may extend to higher temperatures (Jimenez et al., 2014).
Besides the presence of microorganisms, another major limiting factor for methanogenesis is the
presence of organic substrates as sources of energy that microorganisms must access and
metabolize to generate biogenic methane as end-product.
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Methanogenesis in oceanic sediments is defined as the alteration of organic matter by
microorganisms in sediments responsible for the formation of biogenic methane. Microorganisms
sequentially and selectively degrade the SOM within the first hundreds of meters of depth. Labile
compounds are selectively degraded by aerobic microorganisms to produce mainly carbon dioxide
in the first ten meters below the seafloor where oxygen is readily available. At the end of this layer,
microorganisms utilize labile compounds favoring reactions with higher energetic yields in the
following decreasing energy yields order: reduction of NO3-, of Mn2+, of Fe3+, of SO42- (sulfatoreduction) and of CO2 (methanogenesis). This sequence is well described in marine sediments
(Froelich et al., 1979; Emerson et al., 1980; Lohse et al., 1998). These reactions are limited by the
presence of electron acceptors which are slowly renewed by diffusion from deep waters. Sulfatoreduction and aerobic respiration are considered as major biological processes responsible for the
degradation of organic matter in marine sediments (Bender and Heggie, 1984). The transition zone
between sulfato-reduction and methanogenesis is marked by the disappearance of sulfates and the
presence of methane, this zone is called Sulfate-methane transition zone (SMTZ). This zone is also
characterized by the methane oxidation process driven by a consortium of sulfato-reductors and
methanogens (Boetus et al., 2000; Orphan et al., 2001). Below these oxygenated and sulfatoreduction layers, there is little or no oxygen and the microorganisms present mainly survive via
anaerobic digestion. In those anoxic conditions, the organic matter is altered by anaerobic
microorganisms such as methanogens which results in methane formation. The main limitation of
this biological digestion is the temperature gradient of sedimentation which accounts for a
temperature increase of 25 - 50°C per 1000 m depth (Tissot et al., 1978). The zone where the
sediments undergo anaerobic digestion by microorganisms resulting in biogenic methane
production is called the methanogenic zone. Below this methanogenic zone and due to the
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temperature gradient, the buried organic matter becomes more and more recalcitrant for
microorganisms to degrade and produce methane and microorganisms are less likely to be present
due to the increase in temperature.
The insoluble portion of recalcitrant organic matter, also called kerogen, is categorized into
four types: Type I, Type II, Type III and Type IV kerogens based on their average H/C and O/C
molar ratios. Type I and Type II kerogens are mainly formed by the deposition and preservation
of aquatic plants in marine environment and have great petroleum potential and are characterized
by relatively high H/C and low O/C values (Tissot and Welte, 1978). Type I kerogen is
characterized by predominantly lipid-rich algal debris. Type II kerogen is deposited in reducing
environments found in moderately deep marine settings and is known so far to be derived from the
remains of planktons that have been reworked by bacteria (Van Krevelen, 1984; Largeau and
Vanderbroucke, 2007). It is rich in hydrogen, low in carbon and can generate oil and gas with
increased maturity. Type II kerogens are sometimes characterized by an increased incorporation
of sulfur compounds depending on their depositional environments; they are referred to as Type
II-S kerogen such as Bazhenov Formation in Russia. They are tremendously important because
their oil generation starts much earlier due to kinetic reactions involving sulfur-bearing bridges in
the kerogen. Type III kerogen, on the other hand, is the second most abundant Type of kerogen in
the world and is derived primarily from terrigenous plant debris deposited in shallow to deep
marine or non-marine environments (Suzuki et al., 1984; Largeau and Vanderbroucke, 2007). It
has lower hydrogen and higher oxygen and tends to generate abundant dry gas at greater depths.
In general, Type III kerogen contains mostly condensed polyaromatic and oxygenated functional
groups with minor aliphatic chains. Type III kerogen typically yields gaseous hydrocarbon
products and displays relatively low H/C values and high O/C values. Moreover, Type III kerogens
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with total organic carbon (TOC) greater than 50% is operationally defined as coal.
Due to a considerable geothermal gradient, the more deeply buried kerogen undergoes
thermal cracking that releases lighter organic compounds including methane and oil. This methane
resulting from thermal cracking of the organic matter is called thermogenic methane (Tissot et al
1978, Tissot et al 1984). The reflectance index (Ro), widely used to evaluate the overall maturity
level of sedimentary organic matter, is a measure of the percentage of light that is reflected by
vitrinite particles of the kerogen (Burnham and Sweeney, 1989) as shown in Figure 1. Ro values
vary from 0.1 to 2.5 as such: 0.1 – 0.5 represents immature kerogen, 0.6 – 1.2 represents oil
window and catagenesis takes over beyond 1.2. Therefore, biogenic methane formation is known
to occur at Ro of 0.1 to 0.4 and the thermogenic methane formation occurs at Ro value beyond 1.2.
For the scope of my dissertation work, I select Type II and Type III kerogens with R o values
ranging from 0.3 to 0.4.

Figure 1. Variation of vitrinite reflectance index with Types of kerogen and their respective
maturity levels.
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Biogenic gas differs from thermogenic gas compositionally and isotopically. Indeed,
biogenic gas is made up of over 99% of methane while thermogenic gas is produced along with a
significant amount of other light hydrocarbon gases (C2-C4) (Mitterer, 2010). Moreover,
isotopically, biogenic methane is mainly characterized by lighter isotopes associated to very
negative δ13C while thermogenic methane yield less negative δ13C values because methanogenic
archea have a strong preference for lighter isotopes substrates (Summons et al., 1998).
Through several biochemical steps, organic matter is converted into gaseous products,
mainly made up of carbon dioxide and methane. The first two groups of microorganisms involved
in this process are primarily from the Bacteria species and methanogens which are strict anaerobic
prokaryotes from the Archaea domain (Wose and Fox., 1977). The fermentative group of bacteria
decomposes complex organic matter to acetate, formate, higher volatile fatty acids, hydrogen and
carbon dioxide. The obligate hydrogen-producing group decomposes the higher volatile fatty acids
to acetate, hydrogen and carbon dioxide (Mitterer 2010, Furmann et al 2012,). The third group,
consisting of methanogens, converts the metabolic products of the first two groups to methane by
two major pathways. The conversion of the methyl group of acetate to methane (acetate
fermentation pathway) produces about two thirds of the annual production of methane. One third
derives from the reduction of carbon dioxide with electrons supplied from the oxidation of formate
or hydrogen (carbon dioxide reduction pathway) (Beckmann et al 2011, Furmann et al 2012). This
specificity in substrates renders methanogens dependent on other microorganisms to degrade
macromolecules into more suitable substrates for methanogenesis which is considered as a
syntrophic relationship.
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In recent years, it has come to light that surprisingly large indigenous microbial populations
with considerable diversity are present in sediments at hundreds or in some cases thousands of
meters depth (Horsfield et al 2006). The organic matter supporting microbial metabolism in deep
subsurface environments can originate from within the deep subsurface itself though the
mechanisms involved remain poorly understood. Currently, little is known about the source of
substrates that could drive the metabolism of these large indigenous microbial populations in the
deep subsurface. The burial of the organic matter at deep horizons results in the cracking of the
kerogen that is the portion of the organic matter insoluble in usual solvents. This thermal cracking
potentially releases a wide range of lighter compounds which can be made available to
microorganisms to fuel the production of biogenic methane. And amongst those light compounds
released, carbon dioxide, long chain fatty acids and long chain diacids are of main interest. This is
simply because some microorganisms are able to utilize carbon dioxide and long chain fatty acids
via different biochemical processes to either directly or indirectly produce biogenic methane.
I propose that a significant portion of immature Type II and Type III kerogens are thermally
reactive at sub-Pasteurization temperatures and can lead to the generation of light oxygenated polar
compounds with significant aliphatic character that can drive methanogenesis in deep sediments.
For this dissertation work, I choose a series of immature Type II kerogens and a series of Type III
kerogens with varying maturity levels to investigate their thermal reactivity at low temperatures
covering their burial between the end of diagenesis and the onset of catagenesis. To accomplish
this, I will employ closed system pyrolysis which has been shown to simulate the natural cracking
of kerogen.
Closed system pyrolysis has been extensively used to closely simulate the natural thermal
transformation of organic matter (Behar et al 2008, 2010). It consists on heating kerogen samples
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without the presence of oxygen or water for temperatures as elevated as 600°C. Gold tubes are
frequently used to simulate natural thermal evolution in laboratory conditions. These gold tubes
can easily be pierced for gaseous analyses such as absolute quantitative and isotopic-ratio analyses.
The evolution of gaseous and liquid products allows kinetic modeling to be possible using kinetic
simulator software such as GeoKin Compositional software (Behar 2008, 2010) which uses 1st
order reaction to optimize the generation of our thermal products and derive the optimal bulk
kinetic parameters such as Arrhenius factor A and the energy populations. Figure 2 shows the
overall analytical workflow performed during our investigation for this dissertation work and
highlights the different gaseous, liquid and solid products that we will recover and analyze.

Figure 2. Overall analytical workflow covered during our entire investigation.

It is of great importance to this study that I employ ultrahigh resolution mass spectrometry
to examine the products that are mainly polar in nature. Recently, electrospray ionization Fourier
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transform ion cyclotron mass spectrometry (ESI-FTICR-MS) has been applied to kerogen extracts
to characterize the light polar compounds and quantify long chain fatty acids (Sleighter et al 2007,
Kamga et al., 2015). This technique has shown to be an important tool for the molecular
characterization of ionizable polar NSO (Nitrogen, sulfur and Oxygen)- containing compounds in
kerogen extracts. Currently, ESI-FT-ICR-MS is one of the most powerful analytical tools because
of its ultrahigh resolution and high sensitivity which allows one to determine the exact molecular
formula for each compound detected with high resolution. Chapter II covers the development of
our novel quantitative strategy in order to specifically quantify long chain fatty acids and diacids
within complex mixtures such as asphaltenes. We use this quantitative approach to characterize
the overall solvent extracts on a molecular level and quantify the long chain fatty acids and diacids
released during the artificially maturation of Type II and Type III kerogens to determine their
potential contribution towards biogenic methane formation in deep oceanic sediments. Chapter III
examines the mild thermal maturation of three selected Type II kerogens and the kinetic study for
the bulk generation of its thermal products. Chapter IV mainly covers the structural changes of the
solid matrix using solid state 13C NMR and the molecular characterization of asphaltenes generated
during low-Temperature maturation of Type II kerogens using ultrahigh resolution FTMS and their
implications towards methanogenesis. Chapter V covers a complete thermal investigation of Type
III kerogens comprised of the kinetic study for the bulk generation of its thermal products, the
structural changes of the solid matrix using solid state 13C NMR and the molecular characterization
of asphaltenes using ultrahigh resolution FTMS and their contribution towards methanogenesis in
deep sediments.
To summarize, the aim of this dissertation work is to investigate the early thermal
decomposition of Type II and Type III organic matter in order to determine their respective thermal
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reactivity between diagenesis and catagenesis and assess the potential contribution of their
thermally-generated products towards methanogenesis. I hypothesize that at deep horizons SOM
becomes too recalcitrant to microbial degradation and undergoes thermal alteration to liberate
labile compounds that are made available to methanogenic consortia of microorganisms leading
to the formation of supergiant biogenic methane reservoirs. Through the use of advanced analytical
techniques such as solid state nuclear magnetic resonance, Fourier transform ion cyclotron
resonance mass spectrometry, gas chromatography and compositional kinetic simulator software,
an intensive chemical characterization of solid, liquid and gaseous products generated during the
mild thermal alteration of selected Type II and Type III kerogens at sub-Pasteurization
temperatures is performed. This research work will be essential for the understanding of
geochemical transformations of SOM linked to the formation of huge biogenic methane reservoirs
in deep sediments. I will demonstrate that immature Type II and Type III kerogen are indeed
thermally reactive at low temperatures equivalent to sub-Pasteurization conditions based on kinetic
studies and I will identify and quantify the most biodegradable compounds that are thermally
generated. Moreover, in order to explain the large formation of biogenic gases, i will evaluate the
production of carbon dioxide and long chain fatty acids and diacids from mild cracking of
immature kerogen samples and I will quantitatively correlate them to understand their implications
towards methanogenesis.
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CHAPTER II
QUANTITATIVE ANALYSIS OF LONG CHAIN FATTY ACIDS PRESENT IN A TYPE
I KEROGEN USING ESI-FT-ICR-MS: COMPARED WITH BF3/MeOH
METHYLATION/GC-FID

Preface
The content of this Chapter was published in 2014 in Journal of the American Society of Mass
Spectrometry, and below is the full citation. The formatting has been altered to incorporate the
supporting information into the body of the manuscript. See Appendix Material A for the copyright
permission.
Kamga, A.W.; Behar, F. and Hatcher, P. G.; 2014. Quantitative analysis of long chain fatty
acids present in a Type I Kerogen: compared with BF3/MeOH methylation/GC-FID. Journal
of the American Society of Mass Spectrometry, 25, 880 - 890.

1. Introduction
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) has been
extensively used for its ultra-high resolution power and high sensitivity in qualitative
characterization of complex mixtures that include biological extracts (Hasegawa et al., 2007;
Haesler et al., 2008; Tolmachev et al., 2009; Holguin et al., 2013), soil organic matter (Kujawinski
et al., 2002; Schmidt et al., 2009; D’antrilli et al., 2010; Lu et al., 2010; Wang et al., 2011), natural
organic matter (Mosher et al., 2010; Gonsoir et al., 2011; Liu et al., 2011; Mesfioui et al., 2012)
and petroleum-derived samples (Miyabayashi et al., 2000; Hughey et al., 2004; Li et al., 2010;
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Helms et al., 2012; Freitas et al., 2013; Tong et al., 2013). In the study area of petroleum, this
technique has been applied extensively to identify the chemical nature of polar fractions, mainly
materials called asphaltenes or NSOs (Nitrogen, Sulfur and Oxygen containing compounds).
Hughey et al. were the one of the first to investigate the composition of acidic NSO compounds
from biodegraded reservoirs and surface oil seeps. Following this initial work, a large number of
studies have been made of the origin and composition of oil-derived fractions (Miyabayashi et al.,
2000; Hughey et al., 2004; Li et al., 2010; Mapolelo et al., 2011; Wang et al., 2011; Helms et al.,
2012; Liao et al., 2012;Freitas et al., 2013; Tong et al., 2013) . Amongst the NSO compounds,
polar compounds such as phenols, acids, and carbazoles have been used as indicators of oil’s
source, thermal maturity, migration and microbial alteration. Carboxylic acids are of particular
interest as they result from the microbial oxidation of hydrocarbons and from the thermocracking
of kerogen during petroleum generation (Behar et al., 1984; Tissot, 2000; Hughey et al., 2002).
Polar compounds typically make-up a small fraction of most petroleum samples; they require timeconsuming chromatographic isolation prior to analysis and are too complex and polar to be
examined by traditional gas or liquid chromatographic or mass spectrometric techniques (Hughey
et al., 2002; Fafet et al., 2008; Muller et al., 2012). All these hurdles make the characterization and
quantification of polar compounds very challenging using conventional techniques such as gas
chromatography, even if one employs chemical derivatization to increase the volatility of polar
molecules. FT-ICR-MS coupled to electrospray ionization (ESI) solves many of these problems.
Negative mode ESI, in particular, selectively ionizes acidic NSO polar compounds such as acids,
phenols and carbazoles from the predominantly hydrocarbon matrix; this eliminates the need for
chromatographic isolation prior to analysis (Hughey et al., 2002; Muller et al., 2012).
Currently, it has been established that ESI-FT-ICR-MS is very effective for qualitative
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characterization and identification of heteroatomic compounds making up petroleum-derived
mixtures. The variable ionization efficiencies encountered for organic molecules limits its use as
a quantitative technique. While many regard this technique to be strictly qualitative, especially if
one does not have authentic standards to establish ionization efficiencies, there have been attempts
to evaluate the quantitative abilities of ESI-FT-ICR-MS (Muller et al., 2012). Most of this work
has centered on comparisons of peak magnitudes based on the relative total magnitudes of all peaks
in a spectrum, making the inherent assumption that each peak in a mass spectrum has a similar
ionization efficiency and response. Unfortunately, it is well known that the ESI process is selective.
This impacts its use as a quantitative approach unless one can establish response factors for a large
proportion of the molecules of interest contained within the samples. The efficiency of ESI-FTICR-MS in the quantitation of sulfur-containing compounds using the response factor of sulfurcontaining standards over a wide range of double bond equivalents (DBE) was investigated by
Muller et al. (2012). They analyzed sulfur-containing molecules in crude oil and compared two
analytical approaches- FT-ICR-MS and two-dimensional GC/MS (GC x GC). The results showed
that FT-ICR-MS and GCxGC (used as reference) are comparable within an error range of 10 –
40% and that, properly calibrated; the FT-ICR-MS approach can be utilized to quantitatively
estimate the quantities of polar compounds within petroleum.
In the current study and encouraged by the reported results of Muller et al. (2012), we have
sought to evaluate the nature and quantities of polar compounds produced in artificial maturation
studies of Type I kerogen. Recent studies have shown that the artificial maturation of Type I
kerogen, which is the insoluble fraction of the organic matter present in ancient sediments, releases
abundant amounts of polar NSO compounds (Behar et al., 2010) that appear to be important
intermediates of the petroleum-forming process. A molecular characterization of the NSO
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compounds produced from this Type I kerogen was evaluated by ultrahigh resolution FT-ICR-MS
coupled to an electrospray ionization (ESI) source (Salmon et al., 2011). Amongst the NSO
compounds observed, the main families were compounds containing CHO, CHOS and CHON
atoms in their molecular formulas. The CHO compounds were dominant. The most abundant
compounds in the CHO family were CnH2n+zO2 which represent long chain fatty acids (LCFA)
with carbon numbers ranging from 12 to 50. Because these fatty acids were such dominant
components of the NSO fractions that have been recognized as important intermediates in
petroleum formation, our focus became centered on their concentrations in relation to the
hydrocarbons. These relationships will be the subject of a future report. What is of immediate
interest is the development of protocols to quantitatively evaluate the fatty acids observed in these
polar products using the ESI-FT-ICR-MS approach. GC coupled with methylation approaches has
been extensively used to provide quantitative information on fatty acids in samples. The
methylation demands a lot of solvent, time and may be incomplete. Also, high molecular weight
fatty acid methyl esters with higher boiling points are not well analyzed by GC but fatty acids with
high numbers of carbon atoms can be easily distinguished and detected by FT-ICR-MS. Indeed,
in the previous study by Salmon et al. (2011), fatty acids with more than 50 carbons were readily
observed.
To our knowledge, the quantification of long chain fatty acids present in complex mixtures
such as petroleum or artificially produced petroleum using FT-ICR-MS has not been reported to
date. The aim of the current study is to evaluate ESI-FT-ICR-MS for quantitative analysis of long
chain carboxylic acids present in the NSO fractions of petroleum artificially produced from Type
I kerogen. In parallel we utilized a conventional approach of GC coupled with methylation to
compare the quantitation of the long chain fatty acids.
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2. Sample description
A type I Kerogen (Green River Formation, Uinta Basin, USA) was chosen for this study.
The sample is immature and from the Mahogany zone that forms part of the Parachute Creek
Member of the formation. Previous studies have shown that this sample is rich in organic matter
(c.a., 15% total organic carbon, TOC). To isolate the kerogen (12 – 18% of TOC extractable), the
shale was demineralized based on the analytical procedure of Durand and Nicaise (1980). This
shale is rich in paraffinic hydrocarbons (normal and branched alkanes) and minor amounts of
aromatic compounds. The soluble organic matter which is the most significant portion (c.a., 50%
of compounds extracted) is composed of mostly polar compounds such as fatty acids and diacids.
The H/C ratio of this sample is 1.46 (Behar et al., 2010) consistent with the presence of long chains
compounds. The polar compounds of two traditional extracts (Dichloromethane and n-pentane)
were compared to the pyridine extract (Salmon et al., 2011) using 2D NMR and negative ion mode
FT-ICR-MS. The mass spectra of all extracts were dominated by 3 main families CHO, CHOS
and CHON. Of those 3 families, CHO compounds were the most abundant, consistent with their
strong ionization efficiency. This CHO family was dominated by long chain fatty acids.
3. Experimental
Solvent extracts of an immature (GRS) Type I Kerogen from the Green River Shale were
used to represent some of the most complex samples analyzed by ESI-FT-ICR-MS. A portion of
this kerogen sample was artificially matured using a closed system pyrolysis approach involving
the heating in sealed gold tubes for various times and temperatures as described previously [27].
NSOs were extracted from the artificially matured kerogen sample using successive solvents n-
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pentane (n-C5) followed by dichloromethane (DCM). The n-C5 and DCM extracts of the kerogen
maturation residue at each time point were collected, dried and completely dissolved in 1mL of
LC-MS grade Tetrahydrofuran (THF) each in a 2 mL Teflon-lined capped vial that was stored in
the dark in a refrigerator until needed.
All ESI-FT-ICR-MS measurements were carried out using a Bruker Daltonics 12 Tesla
Apex Qe Fourier transform ion cyclotron resonance mass spectrometer coupled to Apollo II ESI.
The analyte solutions were infused into an ESI source in the negative ion mode by a syringe pump.
Nitrogen needle-gas assisted the spraying. The ion accumulation time was 1.0 sec and the signal
to noise ratio threshold was set at 4. We used long chain fatty acid standards n-C15H30O2, nC19H38O2, n-C20H40O2, n-C24H48O2, n-C26H52O2 and n-C30H60O2 to perform standard addition
calibrations on ESI-FT-ICR-MS and to evaluate the difference in response factor over a wide range
of chain lengths.
3.1. Standard addition to Kerogen n-C5 extract
In a 4mL Teflon-lined capped vial, we diluted exactly 12 µL of n-C5 extract #478 (kerogen
n-C5 extract pyrolyzed at 275°C for 9h) in a 2 mL mixture of THF: Methanol (1:1) with 2%
ammonium hydroxide. The standard addition of C20H40O2 fatty acid (n-C20:0) standard was
illustrated in Table 1 which shows the amount and concentration of standard added to make each
injected solution. These solutions were each analyzed in negative-ion mode using identical
parameters. The analyte solutions were infused into the ESI source in the negative ion mode by a
syringe pump assisted by nitrogen needle-gas at a flow rate of 120 µL/h.
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Table 1. Concentrations of normal saturated fatty acids standards used for single component (first
experiment) and multiple components standard additions (second experiment).

Single
component
n-C20 (ng/mL)

n-C15

Multiple components (ng/mL)
n-C19
n-C24
n-C26

n-C30

83

2,010

1,554

1,574

1,640

1,938

167

4,020

3,107

3,148

3,290

3,876

250

6,030

4,661

4,722

4,920

5,815

333

8,040

6,215

6,296

6,580

7,753

667

9,960

7,768

7,853

8,226

9,691

997

12,070

9,322

9,443

9,870

11,630

1,329

14,080

10,876

11,034

11,515

13,518

Total pre-injected volume was 2012 µL composed of 12 µL of kerogen extract, 1000 µL
of MeOH with NH4OH, and 1000 – Vstd of THF since the standard was dissolved in THF. (Vstd is
the volume of standard added). Each point of the calibration was made separately.
Between standard addition analyses, a blank solvent solution, made up of 1:1 (v/v) THF:
MeOH+NH4OH, was analyzed to avoid contamination or carry-over of some signals from previous
analyses which would affect our quantification. Each analysis provided a broadband mass
spectrum which was processed. Prior to data analysis, a polyethylene glycol standard and naturally
present fatty acids were used to externally and internally calibrate the mass scale of all mass
spectra, respectively. A molecular formula calculator developed at the National High Magnetic
Field Laboratory in Tallahassee, FL, (Molecular Formula Calc v.1.0 NHMFL, 1998) generated
empirical formula matches from m/z values of peaks with a signal to noise above 4 using carbon,
hydrogen, oxygen, nitrogen, sulfur and phosphorus. When compared to the calculated exact mass
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of the determined formulas, the assigned formulas in the vast majority of cases agreed within an
error value of less than 0.5 ppm.
3.2. Response factor of fatty acids over a wide range of carbon number
In a 4 mL Teflon-lined capped vial, a mixture of 5 long chain n-fatty acid standards, C15,
C19, C24, C26 and C30 was prepared; their respective masses were 1.32 mg, 1.02 mg, 1.18 mg, 1.08
mg and 1.27 mg dissolved in 3 mL of THF. To investigate the response factor of fatty acids over
a wide range of carbon numbers, a standard addition approach was used as delineated in Table 1.
Solutions were sequentially subjected to ESI-FT-ICR-MS in negative-ion mode as described
above. Each analysis provided a full broadband mass spectrum which allowed the comparison of
response factors of fatty acids from C15 to C30 and Table 3 shows the determined response factors
for each fatty acid.
3.3.Quantification of free fatty acids using ESI-FT-ICR-MS
Four GRS extracts after pyrolysis previously dissolved in THF (n-C5 extract #484 300°C/48h, n-C5 extract # 485 - 300°C/72h, DCM extract #486 - 325°C/24h and DCM extract
#487 - 325°C/48h) were analyzed in order to determine their long chain fatty acid content. We
prepared all analyte solutions in 4 mL Teflon-lined capped vials. Precisely 12 µL of each n-C5
extract and 80 µL of 16.7 ng/µL n-C20 dissolved in THF as internal standard were added to 920
µL THF and 1000 µL MeOH with 2% ammonium hydroxide. Likewise, precisely 12 µL of each
DCM extract sample and 40 µL of 4.2 ng/µL n-C20 in THF as internal standard were added to 960
µL THF and 1000 µL MeOH with 2% ammonium hydroxide. To account for the naturally present
LCFA C20, each extract was analyzed twice: before and after spiking the internal standard. Less
internal standard was added to DCM extract samples because their concentrations are lower and
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we did not want to overwhelm the response of the extract with a signal from the LCFA standard.
Each solution was shaken vigorously on a vortex mixer and then infused into the ESI source in the
negative ion mode by a syringe pump assisted by nitrogen needle-gas at a flow rate of 120 µL/h
and processed similarly as described above. The concentrations of the long chain fatty acids were
evaluated using response factors for individual fatty acids that span a wide range of carbons
(calculated by the methodology explained in section 2 above) and the internal standard
methodology (using n-C20 fatty acid as the internal standard).

3.4.Comparison to conventional derivatization and GC/MS quantification of free fatty acids.
To evaluate the validity of ESI-FT-ICR-MS quantification of fatty acids with a standard
addition technique, we employed a conventional BF3 methylation approach followed by Gas
chromatography analysis. While this is a well-known conventional method for free fatty acid
quantification, substantial sample processing and the need for derivatization make it time
consuming.
- Derivatization: BF3 –catalyzed methylation
Exactly 250 µL of four GRS kerogen extracts (described above) were each added to a clean
and empty labeled Teflon-lined capped vial. They were left to evaporate to dryness under a stream
of nitrogen gas and then were dissolved in 1 ml Benzene/MeOH (1:1 v/v). To each vial, we added
1ml of 14% BF3 (w/w) in MeOH. The vials were capped and kept at 100°C for 5 min on a heating
block. After the vials cooled down to room temperature, 1 ml of milliQ water was added to the
vials and shaken vigorously on a vortex mixer. Each vial was extracted three consecutive times
using 500 µL, 500 µL and 300 µL of hexane to recover the fatty acid methyl esters (FAMEs)
present in the organic layer (top layer).
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-

Quantification of FAMEs
The quantification of long chain FAMEs was achieved using an internal standard approach

with a specific FAME standard solution by gas chromatography fitted with a flame ionization
detector (GC-FID). The GC-FID system used was Agilent Technologies 6890 N fitted with a 30m
X 0.25 mm i.d. capillary column (5% diphenyl - 95% dimethyl polysiloxane stationary phase).
Helium gas was used as a carrier gas, the system was held at 30°C for 2 min, the temperature was
ramped from 30°C to 300°C at 15°C.min-1 and held at 300°C for 15 min following injection in
splitless mode. All chromatograms were produced using the Agilent ChemStation software. For
each analysis, each sample was spiked with the chosen internal standard FAME (C23 = C21H43COO-CH3) to a final concentration of 42.8 µg/mL prior to injection of exactly 1 µL of each
prepared solution. The retention times of FAMEs were confirmed using a standard solution
composed of seven FAMEs with different chain lengths (C9, C11, C13, C15, C17, C19, C21, C27, C29
and C31 including the methyl ester carbon). Concentrations of individual fatty acids were
determined for each extract based on the internal standard methodology with corrections made for
yields from methylation.

4. Results and discussion
4.1. Optimization of ESI-FT-ICR-MS
The complexity of the kerogen samples provides the possibility of a wide variety of
compounds with different concentrations. The mass spectra are the result of the summation of
individual transients chosen for each analysis. Therefore, the number of scans per analysis and the
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sample concentration has an important effect on the final mass spectrum and its optimization is as
important for an accurate quantitation.
In this study, we evaluated the quantitative reproducibility of spectra obtained by 50, 100,
200 and 300 transients using sample #478. Evidently, the total number of peaks per spectrum
increased with the number of scans. This is simply due to the summation of each transient that
increases the signal to noise ratio as the number of transient increases. More importantly, for
quantification purposes, we establish reproducibility among peak magnitudes for fatty acids. The
ratio of peaks m/z 423.42090 and 451.45204 provides a measure of this reproducibility as it depicts
the ratio of magnitudes for the peaks representing n-C 28:0 and n-C30:0 fatty acids respectively. The
C28:0/C30:0 ratios fluctuated slightly from 0.64 to 0.80 and then stabilized at 0.70 for both 200 and
300 transients. Even though the magnitudes of these two peaks have increased as the number of
transients increase from 200 to 300, their ratio stayed constant. This implies that the reproducibility
of the instrument is achieved at 200 transients and we selected this number of scans to minimize
time of analysis.
The optimum sample concentration to inject in the instrument for mass spectrometric
analysis is very important since the competition for charge in a sample tremendously affects the
mass spectral distribution of peaks. We chose five concentrations, 1, 10, 50, 100 and 220 µg/mL
(dry mass dissolved in THF) of a kerogen sample n-C5 extract (GRS#478, 275°C/ 9h) to evaluate
the ideal concentration with peak distributions highly reproducible for repeated analyses. In Figure
3, the peaks with low and high magnitudes are cumulated and compared as the concentration of
the sample increased.
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Figure 3. Comparison of peaks with low and high magnitudes with the sample concentration
injected in the ESI-FT-ICR-MS. The cutoff was selected at peak magnitude of 5 X 108. The
magnitudes of peaks in each category was added and represented as the % intensity on the overall
spectrum.
With 10 µg/mL of sample injected, the number of detected peaks in the mass spectrum was
the lowest because at very low concentration the undetected species remain undetected until their
concentration allows their detection. This implies that at low concentration, some compounds do
not reach the detection threshold and therefore cannot be quantified. On the other hand, for 220
µg/mL of sample injected, the higher concentration of easily ionizable compounds yields a onesided charge competition in such a way that the highest peaks outcompete the smallest peaks for
ionization. We seek a balance in the ionization of the kerogen extract. Therefore we chose 50
µg/mL as being optimal because the distribution of its mass spectral peaks and their magnitudes
(>98% of detected peaks were conserved) seemed to represent the full range of varying
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concentrations between 10 and 220 µg/mL with no overestimation nor underestimation of any
compound present in the sample.

4.2. Quantification of saturated fatty acids using ESI-FT-ICR-MS
Standard addition to Kerogen n-C5 extract
In order to even consider ESI-FT-ICR-MS as a quantitative tool, we tested the relationship
between the peak magnitudes of a specific compound to its overall concentration in the injected
sample. Since long chain fatty acids are our main interest, we chose the LCFA n-C20 compound as
our standard and analyzed a kerogen extract spiked with several amounts of our standard in
negative ion mode.
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The mass spectra in Figure 4 represents the mass spectrum of the kerogen extract analyzed
without any added internal standard (Figure 4A) and the others were analyzed after increasingly
amounts of standard were added (Figure 4B and 4C). In negative ion mode, the LCFA n-C20
compound loses a proton to give a negative ion at m/z 311.29525. This compound is naturally
present in the kerogen extract but after adding 250 ng/mL of standard its peak magnitude clearly
is augmented (Figure 4B). The peak magnitude of our standard showed to be directly proportional
to the overall concentration of our standard in the injected sample.
The overall response of the complex matrix in the mass spectrum seems to stay relatively
constant. The reproducibility of this technique is demonstrated in Table 2 that shows ratios of peak
magnitudes for several peaks. As the concentration of the standard increases, the ratio of the peak
magnitudes remains constant except when a considerably high concentration of standard is added.
This can be attributed to a space charge effect: the most abundant compounds with strong
ionization efficiency in the solution tend to have the priority to ionize; consequently their peak
magnitudes are substantially augmented and affect the ionization response of peaks in the rest of
the sample. This phenomenon occurs more readily in DCM extracts than n-C5 extracts simply
because as the second extraction the DCM extracts have less ionizable NSO compounds than n-C5
extracts. Therefore, the competition for ionization becomes clearly smaller in the DCM extracts
which leads to substantial effects on the mass spectrum when a high amount of internal standard
is added.
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Table 2. Peak Magnitude ratios* of dominant LCFA peaks in the mass spectra as the added
standard increased.

Standard
added
(ng/ml)

C27/C

83

DCM extract

n-pentane extract

Peak magnitudes ratios

Peak magnitudes ratios

C28/C29

C29/C31

C31/C32

C27/C28

C28/C29

C29/C31

C31/C32

0.51

1.61

1.22

0.76

0.32

2.35

1.09

0.46

167

0.50

1.62

1.22

0.75

0.31

2.26

1.08

0.45

250

0.51

1.63

1.29

0.76

0.33

2.25

1.12

0.47

333

0.49

1.62

1.27

0.76

0.32

2.24

1.10

0.45

667

0.49

1.62

1.22

0.75

0.29

2.25

1.25

0.47

996

0.45

1.93

1.21

0.63

0.33

2.29

1.13

0.44

1329

0.47

2.02

1.23

0.64

0.32

2.28

1.16

0.42

1968

0.33

2.31

1.52

0.66

0.30

2.53

1.15

0.40
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*based on triplicate analyses of selected samples the relative standard deviations are
between 3 – 10%.
The manifestation of another phenomenon is reflected in peak magnitudes that can slightly
fluctuate from run to run requiring an adjustment to correct for this. To make this correction, the
highest peak in the samples extracts was chosen as reference or normalization peak. As the internal
standard concentration increases, the ratio of the peak of the added standard to this chosen peak
was used to make a small correction to the peak magnitude influenced by the observed
phenomenon. Figure 5 shows the calibration curve for the internal standard. There is a definite but
unexplained change in slope response between low doses and high doses of the added internal
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standard; however, the responses are clearly linear across each dose range and demonstrate the
quantitative abilities of this technique.

28

Figure 5. Calibration curve for the single-component standard addition on a kerogen extract using
ESI-FT-ICR-MS. a) Low part of the curve representing the working concentration range.
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Figure 5 (Continued) b) Complete standard addition curve. Triplicate analyses for selected
samples (concentrations 163, 670, 1900) indicated that the standard deviations are generally
smaller than the size of the point.

Response factors of saturated LCFA standards with different chain lengths
The LCFA standard n-C20 has shown to exhibit a linear or bi-linear response as its
concentration increases. To quantify the LCFAs present in each kerogen extract sample, the n-C20
standard was used as internal standard and we decided to restrict internal standard addition to the
low concentration range of linearity to avoid the observed change in linearity at high concentration.
The internal standard methodology allows for a precise determination of the concentration of nC20. However, to determine the concentrations of other fatty acids, the response factors of other
fatty acids compare to the internal standard are needed. These were provided by use of a standard
addition approach using five fatty acid standards to determine response factors. Figure 6A shows
the responses of 5 fatty acid standards with different chain lengths added together to the same
kerogen extract.
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Figure 6. Multi-component standard addition. a) Calibration curves for the multiple LCFA
standards added to a kerogen extract. b) Response factor plot of calibration curve slopes against
LCFA carbon number.
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Each standard revealed a linear response but the slopes increase as the chain length
increases. The plot of slopes vs. carbon number indicates that the change in slope is linear and
predictable for each fatty acid (Figure 6A), suggesting that one can determine a slope or response
factor for each fatty acid in the sample (carbon numbers between C15 and C30 ) without the need to
actually measure them directly from authentic standards. This carbon range was chosen because
those LCFAs can reliably be analyzed by the two techniques used in this study (ESI-FT-ICR-MS
and GC-FID). Table 3 shows the determination of the concentrations for LCFA with carbon
number between C15 and C30 present in n-C5 extract # 484. To correct the peak magnitudes, the
ratio of the response slope of n-C20 over the response slope of the LCFA of interest was multiplied
by the original peak magnitude. This correction allows one to treat all LCFA as they exhibited the
same response as n-C20 which was used as internal standard.
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Table 3. Quantification of LCFA present in a kerogen sample using a LCFA internal standard.
Carbon
Number

a

15

Response
Factor slope
(RFS)a
1.96 x 1010

Peak
Magnitude
(PM)b
1.01 x 108

Corrected Peak
Magnitude
(CPM)
4.93 x 108

Concentration
injectedc
(CI in ng/mL)
151.8

Concentration
in sample
(CS in µg/mL)
25.5

16

3.47 x 1010

3.05 x 108

8.38 x 108

258.1

43.3

17

4.99 x 1010

6.11 x 107

1.17 x 108

35.96

10.0

18

6.51 x 1010

2.60 x 108

3.81 x 108

117.3

19.7

19

8.02 x 1010

4.66 x 107

5.54 x 107

17.1

2.8

20

9.54 x 1010

2.17 x 109

2.17 x 109

668.1

112.0

21

1.11 x 1011

1.08 x 108

9.33 x 107

28.7

4.8

22

1.26 x 1011

1.69 x 108

1.28 x 108

39.5

6.6

23

1.41 x 1011

1.26 x 108

8.55 x 107

26.3

4.4

24

1.56 x 1011

2.80 x 108

1.71 x 108

52.7

8.8

25

1.71 x 1011

2.14 x 108

1.19 x 108

36.7

6.2

26

1.86 x 1011

3.32 x 108

1.70 x 108

52.4

8.8

27

2.02 x 1011

2.82 x 108

1.34 x 108

41.2

6.9

28

2.17 x 1011

4.77 x 108

2.10 x 108

64.7

10.8

29

2.32 x 1011

3.54 x 108

1.46 x 108

44.8

7.5

30
2.47 x 1011
3.05 x 108
2.50 x 108
77.1
12.9
b
c
derived from Figure 6A and 6B, peak magnitudes without correction, dilution of 12 µL of

sample into 2000 µL of solvent. CPMx = (PMx x RFSC20)/RFSx, CIx = (CPMx x Conc20)/PMC20
where Conc20 is the added concentration of the internal standard n-C20 and PMC20 is the real peak
magnitude of the spike standard determined by substracting the contribution of the naturally
present lcfa C20 in the sample (PMC20 = PMC20IS – PMC20nat.). CS = (CIx x 2012 µL)/12 µL.
The strategy used here is that the contribution of the n-C20 naturally present in the sample
(without spike) can be determined by using ratios of peak magnitudes of C20/C19 and C20/C21 in
the mass spectrum of the analysis of the chosen sample without spike, then applying those ratios
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on the peaks C19 and C21 after the spike and calculate the peak magnitude of the naturally present
C20 in the sample after spike. Therefore, the peak magnitude of the added internal standard
concentration can be determined by subtracting the contribution of the naturally present C20 to the
peak magnitude at m/z 311.
Limit of detection and limit of quantification
The data processing of the mass spectra consisted on filtering the m/z of ions detected
depending on their signal-to-noise ratio. More specifically, the limit of detection (LOD) and the
limit of quantification (LOQ) corresponded to the signal-to-noise values of 4 and 10, respectively.
Based on triplicates analyses and the chosen signal-to-noise thresholds, the magnitudes of the
smallest detectable peak and the smallest quantifiable peak were 8.9 x 105 and 9.3 x 106
respectively and were equivalent to 272 pg/mL and 2.85 ng/mL respectively using the response of
n-C20 LCFA standard. Since the response of different species vary, these values of LOD and LOQ
were determined for n-C20 and with the response factors LOD and LOQ of other monoacids can
be determined.
Comparison of quantification potential of ESI-FT-ICR-MS to GC-FID
With the observed response factors of LCFAs with different carbon number, the
quantification using an internal standard is applied on the ESI-FT-ICR-MS analyses of four
kerogen samples. The quantification of LCFAs using ESI-FT-ICR-MS and GC-FID were
compared in Figure 7 which illustrates the concentration assigned to each fatty acid between C 15
to C30 from both techniques. Figure 7 depicts the need to correct for the response factors of fatty
acids with different chain lengths while quantifying using ESI- FT-ICR-MS. It should be noted
that in Figure 8, the n-C5 extracts contained greater quantities of LCFAs because this solvent was
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the first used to extract artificially matured kerogen samples and LCFAs have sufficient solubility
in this solvent to be recovered.

Figure 7. Response factor correction of the ESI-FT-ICR-MS quantification of LCFA in a
Kerogen extract compared to the quantification of LCFAs in the same extract using BF3/MeOH
methylation/GC-FID.
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Figure 8. Quantification of LCFA present in four kerogen extracts using two methods: ESI-FTICR-MS and BF3 methylation coupled with GC-FID. a) n-pentane extract of Green River Shale
(Type I Kerogen) pyrolyzed at 300°C for 48h. b) n-pentane extract of Green River Shale pyrolyzed
at 300°C for 72h. c) Dichloromethane extract of Green River Shale pyrolyzed at 325°C for 24h.
d) Dichloromethane extract of Green River Shale pyrolyzed at 325°C for 48h.
The DCM extracts contained relatively smaller concentrations of LCFAs and are composed
of heavier compounds. The carbon number distribution of LCFAs obtained by ESI-FT-ICR-MS
matched the GC-FID distribution within 5% - 40% with exception of C16 and C18 fatty acids,
especially in the sample DCM #487. The concentrations obtained by ESI-FT-ICR-MS are greater
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than those obtained by GC-ID because FT-MS does not differentiate between normal fatty acids
and branched fatty acids whereas GC-FID does.
The bar graph in Figure 9 shows the total absolute concentrations (µg/mL) of LCFA
determined by ESI-FT-ICR-MS and GC-FID. The quantitative results for LCFA by ESI-FT-ICRMS and GC-FID differ by 1% – 30%. This error can be attributed to the above-mentioned
explanation.

Figure 9. Comparison of total LCFA detected by each method: ESI-FT-ICR-MS and BF3
methylation coupled with GC-FID.
Although GC-FID has been widely used for the quantitative analysis of fatty acids in
complex mixtures, the derivatization procedure is very time consuming and requires a lot of
solvents. GC-FID is limited to compounds that are volatile at the injection temperature of 300oC,
therefore does not separate compounds with higher boiling points. FT-ICR-MS seems more
suitable because of its tremendous qualitative capabilities even for heavy compounds and no
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derivatization procedure is needed leading to more consistent yields. Once the system is properly
calibrated, it allows one to quantitatively compare samples with a relatively similar matrix for
specific compounds such as long chain fatty acids. This provides one with an additional tool to
effectively quantify compounds easily ionizable by ESI-FT-ICR-MS in a complex matrix.

5. Conclusions
ESI-FT-ICR-MS has generally been categorized as a non-quantitative technique because
of fluctuations in the mass spectra caused by phenomena such as space charge effect, ionization
competition and the difference in ionization responses. Considering its ultrahigh resolution and
mass accuracy, we evaluated the capabilities of ESI-FT-ICR-MS for quantifying LCFA in a
complex matrix such as kerogen extracts. In the current study, we showed a quantitative agreement
between ESI-FT-ICR-MS and the conventional method using GC-FID using the established
response factors. Contrary to common belief, ESI-FT-ICR-MS can be rendered quantitative with
proper use of internal standard methodology and corrections by means of response factors. For the
quantification of LCFA using ESI-FT-ICR-MS, no derivatization procedure is needed, internal
standard addition is robust over a series of kerogen extracts, the limits of detection and
quantification are suitable for the analysis of compounds present in kerogen extracts including
non-GC amenable heavy compounds with high boiling points. Combining the ultrahigh resolution
and the quantitative capabilities of ESI-FT-ICR-MS allows one to simultaneously and routinely
characterize complex mixtures with high mass accuracy and recover the molecular contribution of
light and heavy fatty acids present in mixtures from microbial, animal and plant origins. This
expanded analysis of complex mixtures facilitates more thorough and detailed examination of the
abundance and fate of LCFA in nature while avoiding chromatographic procedures and any kind
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of sample pre-treatment. A great advantage of ESI-FT-ICR-MS is the robustness of the
quantification which can be done for several series of compounds in the same sample. Further
work is already in progress and consists of applying this quantification protocol to evaluate the
fluctuation of long chain fatty acids released during the maturation of kerogen Types I, II and III.
In addition, this procedure will be applied for the quantitation of other families of compounds
present in kerogen extracts such as long chain alcohols, aldehydes and nitrogen/sulfur-containing
compounds.
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CHAPTER III
LOW-TEMPERATURE CRACKING OF TYPE II KEROGEN: KINETIC STUDY OF
THE EARLY CO-GENERATION OF ASPHALTENES AND CO2 AS POTENTIAL
SUBSTRATES FOR METHANOGENESIS

Preface
The content of this Chapter was submitted, has been revised and is ready for re-submission in
2015 in Organic Geochemistry. The formatting has been altered to incorporate the supporting
information into the body of the manuscript. See Appendix Material A for the copyright
permission.

1. Introduction
In open ocean marine sediments, organic matter (OM) originating from primary production
in the euphotic zone is decomposed by heterotrophic organisms and only an average of 0.1 – 2%
is buried

(Tissot and Welte, 1978) the burial progresses, microbial activity leads to both

decomposition of the authigenic sedimentary OM (SOM) and new microbial production in the first
meters of the sediments. This process, called early diagenesis, is responsible for production of
around 20% of the world’s natural gas (Rice and Claypool, 1981; Kotelnikova, 2002) and shapes
the nature of the SOM as it is buried deeper.
Autochthonous SOM in marine sediments is composed of three main biopolymeric
constituents: proteins, carbohydrates, and lipids (Tissot and Welte, 1978; Orem and Hatcher,
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1987). The more labile components of this SOM, are readily degraded (in the top few meters of
sediment depth) to yield a refractory kerogen precursor that can continue to undergo diagenetic
transformation as depth increases to hundreds of meters (Engel et al., 1986; Patience A.J., 1996;
Wellsbury et al., 2002; Horsfield et al., 2006; Hatcher et al., 2014). With increasing burial, the
SOM becomes very recalcitrant to microbial attack (Tissot and Welte, 1978) as most of the labile
components are utilized and eventually microbial action ceases due to increased temperatures and
pressures. From that point on, the main parameter with a significant effect on the SOM is the
geothermal gradient that induces changes in the structural identity of the SOM and eventually leads
to hydrocarbon (HC) generation (Tissot and Welte, 1978; Burnham and Braun; 1990, Ungerer,
1991).
Several studies have sought to understand the thermal alteration of recalcitrant SOM
leading to petroleum formation (Espitalié et al., 1988; Behar et al., 1997), generation of light gases
such as water and CO2 (Burnham and Sweeney, 1989), and the generation of late methane (Rooney
et al., 1995; Clayton, 1998). For these numerous studies, the drive to fully understand the different
stages of abiotic transformation known by SOM as its burial increases leading to hydrocarbon
generation and destruction results from the intensifying need to reduce oil exploration risks and to
develop more accurate models (Ungerer, 1991; Braun and Burnham, 1992; Lewan, 1997; Behar
1997, 2008, 2010).
In tandem with these field efforts, pyrolysis techniques consisting of high temperature and
pressure simulations have been applied at the laboratory scale to mimic the thermal cracking of
SOM in geological scale to generate HCs (Verheyen et al., 1984; Behar et al., 1992; Lewan, 1997).
Because oil generation is minuscule at temperatures below 100°C, most field and laboratory
studies ignore the thermal processes that might influence the chemistry of kerogen at these low
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temperatures and make the assumption that microbial processes are more important. Some recent
lab-scale simulation experiments (Ravin, 2013) and down-core trends (Hatcher et al., 2014) of a
Type II kerogen from an upwelling zone off the coast of Namibia, Africa, give us reason to believe
that some significant thermal alteration of kerogen occurs at sub-Pasteurization temperatures (less
than 90°C). The abiotic production of CO2 and the release of polar organic compounds into a
soluble extract were observed, suggesting that the kerogen undergoes thermal decomposition. The
release of CO2 is particularly noteworthy because this product, if available to micro-organisms can
be transformed to CH4. Moreover, the polar compounds produced may fuel the biological demand
for metabolites.
Understanding the mechanisms and kinetics of abiotic reactions altering the chemical and
physical structure of recalcitrant SOM has become fundamental for the improvement of
predictions and basin models towards oil exploration (Ungerer, 1991). Little to no information is
currently known about the thermodynamic properties defining the onset of thermally induced
reactions occurring below 90ºC. In the present study, we build upon this observation to evaluate
the thermal reactivity on immature recalcitrant SOM and to define the kinetic parameters of early
reactions at pre-Pasteurization temperatures. Our goal is to mimic and understand the thermal
reactivity of immature sedimentary organic matter at low temperatures. We artificially mature the
insoluble or recalcitrant portion of immature SOM, the kerogen, and qualitatively as well as
quantitatively characterize its changes during low severity thermal maturation using gas analyses,
isotopic signatures and other geochemical analyses including solid-state

13

C Nuclear Magnetic

Resonance.
Three samples obtained from natural sedimentary cores harboring Type II SOM at three
different maturity levels and geological ages, were treated to isolate the kerogen by dissolving the
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mineral portion. The Type II kerogens were subjected to artificial maturation using closed system
pyrolysis in gold tubes at temperatures representing low thermal maturation equivalent to what
would be encountered at burial temperatures of less than 90°C. Following artificial maturation at
low severity, we recovered and quantified gaseous products and solvent extractable fractions, or
NSOs, and maintained an accounting of mass balances. The yield of all products allowed the
optimization of bulk kinetic parameters used to accurately extrapolate to the geological scale over
millions of years.

2. Methods

A preliminary isolation of the kerogen from the selected natural sediments was necessary in
order to avoid mineral contamination throughout this study. The kerogens from a series of three
source rocks, chosen for this study described in the Sample Description section below, were
isolated by removing the mineral portion with non-oxidizing acids under a nitrogen atmosphere
according to a protocol developed by Durand and Nicaise (Durand and Nicaise, 1980) to minimize
the alteration of the immature SOM. For the most immature sediments, a slightly modified version
of this kerogen isolation protocol was used and consisted of dissolving the minerals using nonoxidizing acids at low temperatures (Ravin, 2013).
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2.1.Global geochemical characterization
2.1.1. Rock-Eval and elemental analysis
An elemental analysis system, SGS Multilab, and a Rock-Eval 6 Turbo apparatus (Vinci
Technologies) as presented in Behar et al. (2001) were used to analyze the isolated kerogen
samples in duplicate. An organic carbon mass balance was calculated. Prior to Rock-Eval and
elemental analysis, any extractable organic matter was removed by two successive extractions with
first n-pentane and then dichloromethane (DCM). Upon artificial maturation, Rock-Eval and
elemental analyses of selected residual kerogens were performed in order to compare to natural
maturation of recalcitrant organic matter.
2.1.2. Solid state 13C NMR CPMAS spectroscopy
13

C NMR spectra of the solid organic matter that includes initial kerogens and pyrolysis

residues of those kerogens prepared as described below were obtained using a 400MHz Bruker
AVANCE II spectrometer equipped with a solid state probe. The spectra were obtained by the
technique of cross polarization with magic angle spinning (CPMAS). Around 50 mg of sample
was packed into a 4 mm diameter Zirconia rotor with a Kel-F cap and spun at 13 kHz at the magic
angle of 54.7o. The FID was exponentially multiplied and zero-filled with 4096 data points.
CPMAS spectra were obtained as described in a previous study (Dria et al., 2002). A line
broadening filter of 0 Hz was used to process all spectra. The carboxyl signal (ca. 176.03 ppm) of
Glycine was used as an external reference. Contact times, using ramped cross polarization, were
optimized to 1.5 ms to obtain the best quantitative representation of all signals. We recognize that
CPMAS is not the best approach for obtaining quantitative spectra and a future report is planned
for quantitative representations of the various functional groups using the more quantitative
approach requires the use of time-consuming direct polarization with magic angle spinning
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(DPMAS) as has previously been employed (Hatcher et al., 2014) for Type II kerogen from the
Namibian offshore. The focus of the current study is on the artificial maturation process for which
only qualitative spectra are suitable.
2.2.Artificial maturation using closed system pyrolysis
2.2.1. Reactor description and handling procedures
Gold tube reactors (5 cm x 1 cm) were used to perform experiments on aliquots of dried
kerogen varying from 100–400 mg. The filling and welding of gold tubes were carried out under
nitrogen gas inside a glove box. After charging, the tubes were placed in hot water to check for
gas leaks and then placed into pressurized autoclaves and kept at a pressure of 100 bars for varying
amounts of time and temperatures. Temperature at each setpoint (measured by a calibrated
thermocouple, accuracy ±1oC) and pressure were constant and continuously recorded. The
pyrolysis time was started when the desired isothermal temperature was reached (ca. 15 – 20 min
after initial heating was started). At the end of the desired time, the autoclaves were transferred to
a water bath to cool and slowly depressurized so as to not rupture.
2.2.2. Gas analysis
To isolate and measure the total quantity of gas released in each experiment, the gold tubes
were pierced in a vacuum line equipped with a primary vacuum pump, a secondary vacuum pump,
a Toepler pump and several gas pressure gauges (Behar et al., 1989). Condensable gases were
trapped in a programmable temperature cold trap filled with liquid nitrogen, while permanent gases
(H2, N2, and C1) remained volatilized in the line. The permanent gases were transferred to an
evacuated ampoule for analysis. Before piercing the gold tubes, the gas line was kept under
vacuum and the exits to the vacuum pumps were closed. After piercing a gold tube, the gases were
transferred using the Toepler pump to a gas bulb where the gas pressure, the exact volume and
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temperature were known in order to determine the quantity of moles of total gases using the ideal
gas law. The gases of interest were CO2, CH4, C1 to C4, CO and H2S. The molecular
characterization and quantification of all individual gases generated were performed by a gas
chromatography instrument GC6890 coupled with customized adapters to FID and TCD by
Wasson.
2.2.3. Liquid fraction recovery
The gold tubes were opened at room temperature under atmospheric pressure. The kerogen
was removed and deposited in an agate mortar containing 1 mL of n-pentane. The residue was
ground in the mortar to ensure efficient extraction. During this procedure, around 5 mg of insoluble
residue was systematically lost to the surface of the mortar. The final solid and liquid content of
the mortar was emptied into a flask containing n-pentane solvent, stirred for 1 h under reflux at
40oC and filtered after cooling the solution to room temperature. After filtration, the n-pentane
solution was concentrated to 4 mL and weighed. Its volume was determined using density and dry
mass. This extract mainly contains HCs ranging from C6 to C14+ and resins which are Nitrogen,
Sulfur and Oxygen containing (Tolmachev et al., 2009) compounds soluble in n-pentane; we refer
to it as the maltene fraction. After the n-pentane extraction, the insoluble residue recovered on the
filter was extracted with DCM under reflux for 1h at 40oC and then filtered. This DCM extract has
been typically observed to contain less than 1% of saturates and aromatics. Referred to as
asphaltenes, this fraction is made up of more than 98% polar NSO compounds and resins insoluble
in n-pentane. Following filtration, the solution of asphaltenes was concentrated to 4 mL and
weighed to determine volume using density and dry mass.
2.3.Kinetic modeling
We assumed that thermally unstable chemical classes decompose through first order processes
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for kinetic modeling of thermal cracking under laboratory pyrolysis and that there is no chemical
interaction between different chemical classes during artificial maturation. Furthermore, reaction
rates are temperature dependent and do not vary with pressure. Rate constants are derived from
the Arrhenius equation (Scheme 1):
K = A exp (-

𝑬𝒂
𝑹𝑻

)

[1]

where k = rate constant, A = frequency factor, Ea = activation energy, R = 9.8314 J mol-1 and T =
temperature in Kelvin degrees. The average rate of decomposition of a chemical class can be
accounted for by a set of independent, parallel reactions as described by Behar et al. (2008). Kinetic
(Ea and A for each reaction model) and stoichiometric parameters were numerically calibrated
according to pyrolysis mass balances to determine transformation ratios at each setpoint. The
maturation of each kerogen in open system was simulated with Geokin Compositional modeling
software, a kinetic simulator that allows rate parameters to be adjusted by finding the minimum of
an error function, F, corresponding to the sum of squared differences between measured and
computed amounts at the laboratory scale.
2.3.1 Optimization of bulk kinetics parameters in open system pyrolysis
The reaction used for this optimization is the kerogen degradation leading to the maximum
HC potential (corresponding to the S2 peak in the Rock-Eval apparatus) of each kerogen in an open
system. Rock-Eval analysis of the isolated kerogens was performed at five different temperature
rates each: 2, 5, 10, 15 and 25oC/min. The different generation rates of the S2 peak at the selected
rates were numerically optimized for a series of chemical reactions with activation energy between
34 – 74 kcal/mol and Log A values manually selected between 11 and 18. In order to accurately
choose the appropriate Log A value, the error function F was explored as the Log A value increased
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from 11 - 18. Once the optimal Log A was chosen, it was applied for the optimization of Ea for all
three selected kerogens. Along with the stoichiometric parameters, the distribution of Ea values at
the optimal Log A value were used to simulate to thermal alteration of the kerogen in both the
laboratory settings and the geological scale using a thermal rate of 10oC/min and 2oC/Ma,
respectively.
2.3.2 Optimization of bulk kinetic parameters in closed system pyrolysis
The yields of the pyrolysis products at low temperatures were used to numerically optimize
for a series of chemical reactions with activation energies between 30 – 56 Kcal/mole with the
optimal Log A value selected above. Similarly, in addition to the stoichiometric parameters, the
distribution of Ea values at the optimal Log A were used to simulate the thermal generation of the
selected products at low temperatures and determine their kinetics in geological settings following
similar thermal rate as described above. This assessment is important to evaluate the feasibility of
this observed thermal alteration in the laboratory settings once extrapolated to the geological scale
based on its determined kinetic parameters.

3. Sample description
In this study, we progressively follow the thermal cracking of natural organic matter in the
zone of early diagenesis at expected sub-Pasteurization temperatures in the subsurface. We have
selected three samples of varying maturity within this window (Table 4), all of which contain Type
II kerogen. These include recent upwelling sediments deposited during the late Pliocene from one
of the most productive areas in the world off the coast of Namibia (productivity greater than 180
g.C.m-2.y-1,(David et al., 1996)), an Upper Jurassic carbonaceous shale from the Russian platform
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equivalent to the Tithonian Bazhenov Formation (Riboulleau et al., 2001), and a Toarcian
carbonaceous shale from the Paris Basin (Behar et al., 2008) .
The Late Pliocene sediment (380-400m below sea floor) was provided from Leg 175 of the
Ocean Drilling Program (ODP) Hole 1082A (Berger et al., 1998) and is referred to as ODP
Sediment. These recent sediments have been thoroughly studied and the complete history for the
very early diagenesis has been presented in a previous study (Hatcher et al., 2014) where it was
shown that, within the first 370 m depth, the kerogen undergoes a systematic diagenetic
transformation involving the reduction in oxygenated functional groups. In these recent sediments,
gaseous biogenic methane is abundant indicating the presence of methanogens and microbial
degradation of organic matter. We consider this sample as the least mature of our three samples.
The two carbonaceous shale samples are from outcrops and display a higher maturity for
their Type II kerogen. One of these organic-rich shales, the least mature of the two, is from an
outcrop of the Gorodische Formation, the lateral equivalent of a major source rock for oils in the
western Siberian basin, referred to as the Bazhenov source rock (Bazhenov S.R.). Also known as
Kashpir oil shales, they have a kerogen characterized by high sulfur content, categorized as a Type
II-S kerogen (Riboulleau et al., 2000; Riboulleau et al., 2001). The second sample containing a
relatively more mature (pre-catagenesis stage) Type II kerogen, is an organic-rich shale from the
Toarcian Schistes Carton Formation of the Paris Basin. This Type II kerogen has been widely
studied for its HC formation and laboratory simulation of kerogen maturation (Huc, 1977;
Hollander et al., 1991) and will be referred as Toarcian source rock (Toarcian S.R.).
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Table 4. Geological settings and types of Type II organic matter selected for this study
Geological
setting

Samples

Formation

Geological
age

ODP
Sediment

Northern
cape basin,
Southwest
coast of
Namibia

Kunene
Upwelling
Cell

Late
Pliocene
(3 Ma)

Bazhenov
S.R.

Gorodische
outcrop,
along Volga
river, Russia

Bazhenov

Tithonian
(150 Ma)

Toarcian
S.R.

Paris Basin
outcrop,
France

Schistes
Carton

Toarcian
(185 Ma)

Environmental
Deposition

Kerogen
Type

Coastal upwelling
–
coccolithophores,
diatoms,
zooplancton

II

Outcrop

Algal/biogenic
Basin uplifts

II-S

Outcrop

Algal with minor
terrestrial input

II

Depth
390
mbsf

4. Results
4.1 Global geochemical characterization
4.1.1. Rock-Eval and elemental Analysis
The geochemical data of the whole rock samples and isolated kerogens used to compare
maturity are shown in Tables 5 – 6. The Rock-Eval (RE) data are shown in Table 5. The whole
rock from the ODP sediment has 2.2% Total Organic Carbon (TOC) whereas the Bazhenov S.R.
contains 23.7% TOC and the Toarcian S.R. has 6.8% TOC. The ODP Sediment displays an
Hydrogen Index (HI) value of 150 mg HC/g TOC while the Bazhenov S.R. and the Toarcian S.R.
both have HI values of 532 and 534 mg HC/g TOC, respectively.
We believe that HI and Tmax data for the ODP whole sediment are abnormal and this
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abnormality is explained by the well- known mineral matrix effect described in previous studies
(Espitalié et al., 1980; Espitalié et al., 1984) during RE pyrolysis. This effect is important for
source rocks with TOC lower than 4% and is inversely proportional to the TOC richness. The TOC
of the ODP Sediment source rock being only 2.2%, the HI is significantly underestimated by the
mineral matrix effect. The high oxygen index (OI) value observed for the ODP Sediment source
rock can be due to either a predominance of very labile oxygenated functional groups and/or a CO2
contamination due to the decomposition of carbonates during RE heating ramp program. This
contamination of carbonates is also maximal for organic-poor source rocks with TOC lower than
4%. Consequently, only the RE data acquired on the isolated kerogen from the ODP Sediment can
be evaluated and compared with those of both the Bazhenov S.R. and the Toarcian S.R. kerogens.
Upon isolation, the kerogens were used throughout this study as initial samples. All
measured carbon contents increased during the isolation of kerogens because of the removal of the
inorganic matrix. The % TOC increased from 2.2% to 29.7% for ODP Sediment kerogen, from
23.7% to 56.9% for Bazhenov S.R. kerogen and from 6.8% to 55.0% for Toarcian S.R. kerogen.
A systematic diagenetic transformation involving the reduction in oxygenated functional groups
is observed in Table 2 with the decreasing trend of the OI from the most immature kerogen (ODP
Sediment) with 182 mg CO2/g TOC, followed by Bazhenov S.R. with 42 mg CO2/g TOC and
finally Toarcian S.R. with 28 mg CO2/g TOC. The Bazhenov S.R. shows a low OI value which
confirms its higher maturity compared to ODP Sediment. The S2 and the HI values of the kerogens
indicate that these kerogens have a great petroleum generation potential and are great candidates
for thermal maturation in order to follow their transformation upon heating.
For the isolated kerogens, the Tmax values consistently increase with predicted maturity.
Indeed, the most immature kerogen, ODP Sediment, has a Tmax of 391oC, followed by the
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Bazhenov S.R. kerogen with Tmax of 408oC and the most mature kerogen, Toarcian S.R. kerogen,
with Tmax of 419oC. The OI seems to be inversely proportional to the maturity level of the kerogens
with values decreasing from 93 mg CO2/g TOC for ODP Sediment to 28 mg CO2/g TOC for
Toarcian S.R. as observed for the source rocks. Similarly to the source rocks, the most immature
kerogen displays the highest oxygen index while the most mature kerogen displays the lowest OI.
The kerogen isolated from ODP Sediment displays values of 27 mg CO2/g and 9.8 mg CO2/g for
S3 and S3CO values, respectively. The kerogens isolated from Bazhenov S.R. and Toarcian S.R.
display S3 values of 19 mg CO2/g and 8.5 mg CO2/g, respectively. S3 values are inversely
proportional to the maturity level of the samples whereas S3CO values are rather proportional.
Indeed, the isolated kerogens from Bazhenov S.R. and Toarcian S.R release S3CO values of 13 mg
CO2/g and 8 mg CO2/g, respectively.
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The elemental analysis (EA) data for the isolated kerogens are shown in Table 6. The recent
sediments from the ODP Site 1082 confirm to harbor a kerogen with 31.1% TOC, consistent with
the TOC found by RE, the kerogen of the Bazhenov S.R. with 59.2% TOC and the kerogen of the
Toarcian S.R. has 60.6% TOC. A slight difference (up to 5.6%), existing between the TOC values
obtained by RE and the Total %C obtained by EA, arises from a combination of 2 main facts: the
underestimation of TOC during RE measurements due to the non-volatility of a small part of
organic C and the presence of a small amount of mineral C in the kerogen matrix detected by EA
and not by RE. The ODP Sediment kerogen displays high contents of oxygen, sulfur and nitrogen
which confirm that recent SOM is composed of a large amount of heteroatomic compounds. The
amount of pyrite present in each kerogen is independent of the isolation procedure because pyrite
is not destroyed during the kerogen isolation (Durand and Monin, 1980; Durand and Nicaise,
1980). Accounting for sulfur associated with pyrite (calculated from measurements of Fe
contents), the remaining sulfur content corresponds to organic sulfur (Sorg) and has similar value
for both ODP Sediment and Toarcian S.R.; Bazhenov S.R. kerogen displays more than double the
amount of Sorg. This suggests that Bazhenov S.R. should have a high potential for H2S generation
upon thermal maturation. For the summed values of all elements (C, H, O, N, S and Fe), the ODP
Sediment displayed a value of 79.9% which is previously observed in prior studies on this
sedimentary core (Ravin, 2013). This may be due to the modified method used to isolate ODP
Sediment kerogen because it generates insoluble fluorides in the process.
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Table 6. Elemental data of isolated kerogens reported on a dry weight basis.

Kerogens

C

H

O

N

S

Fe

%
ODP
31.1 3.8 15.1 2.2
Sediment
Bazhenov
59.2 6.4 15.9 0.7
S.R.
Toarcian S.R. 60.6 6.1 8.4 1.4

Total Pyrite
%

Sorg

%

Atomic
composition
H/C O/C

Ro

16.7

11.0

79.9

23.54

4.08

1.45

0.36

0.28

11.7

0.7

94.6

1.44

10.94 1.29

0.20

0.32

12.6

8.2

97.3

17.66

3.13

0.10

0.62

1.20

4.1.2. Bulk kinetic parameters using open system pyrolysis
Bulk geochemical parameters allow a global description of the variation in the source rock
during maturation and oil generation. This step is crucial for evaluating the maturity of the selected
kerogen samples as it ranks these samples relative to each other based on their generation rates of
HCs or even other maturation parameters and indices. RE analysis has generally been uniquely
used to derive bulk kinetic parameters because it allows one to keep track of the carbon mass
balance throughout the complete pyrolysis and to generate maturation equations such as the
following:
Kero

CO2 + CO + a S2 + b Residue

[2]

where a and b are stoichiometric coefficients, Kero represents all carbons in the initial kerogen,
Residue represents all carbons in the residual kerogen and S2 is the HC potential of the kerogen
(from RE data as shown in Table 6). Scheme 2 represents the classical reaction occurring in the
RE instrument. Because CO2 and CO were not measured separately, we assumed that they would
be associated with the hydrocarbon gases (S2) and so Scheme 3 represents the modified equation
that we used to optimize.
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Kero

a S2 + b Residue

[3]

The limits of this technique are that one cannot differentiate the generation kinetics of
products such as CO, CO2 and HCs simultaneously using the RE technique. So far, the petroleum
industry has focused on the generation of HCs as primary and main reaction for the kerogen
maturation, but previous work has hinted that other reactions occur prior to HC generation in open
system pyrolysis (OSP) (Behar et al., 1995; Deniau et al., 2005). These studies have shown the
release of CO2 prior to the onset of HC generation in OSP, and these findings, along with the recent
closed system pyrolysis (CSP) on immature kerogens (Hatcher et al., 2014) encouraged us to focus
on early thermal maturation of organic matter to identify the onset and potential overlap of the
thermal generation of CO2 and HCs. Figure 10 shows the S2 peaks of the three selected kerogens
measured during their classical RE analysis. It indicates that the reactivity of Toarcian S.R.
kerogen is narrow and Laurentian in shape as opposed to being broad over the temperature
increase: one could interpret this to mean that Toarcian S.R. kerogen is mainly composed of a
narrow distribution of chemical bond cracking energies responsible for the production of S 2.
Bazhenov S.R. kerogen displays a broader reactivity than Toarcian S.R. and is therefore composed
of a wider distribution of chemical bond cracking energies involved in the HCs production. The
most immature kerogen from ODP Sediment displays an even wider S2 peak indicating a broader
bond cracking energy distribution than both Bazhenov S.R. and Toarcian S.R. kerogens. The peak
S2 of ODP Sediment kerogen starts at 200°C while the S2 peak of Bazhenov S.R. and Toarcian
S.R. start at 280°C and 330°C, respectively. Moreover, the S2 peak for ODP Sediment kerogen
appears to be skewed towards lower temperatures. Thus, ODP Sediment kerogen must be
composed of a wider distribution of weak covalent bonds that are not present in the other two
kerogens. Along the same line, Bazhenov S.R. must be composed of a distribution of weak
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covalent bonds that are not present in the Toarcian S.R. kerogen. The nature and composition of
the Toarcian S.R. indicates that it has reached a maturity very close to its catagenic stage while the
other more immature kerogens are still undergoing late stages of diagenesis. These distributions
of chemical bonds will greatly affect the optimization of the bulk kinetics parameters since all
three samples seem to react differently based on their maturity level.
It is important to mention, at this point, that the signals comprising the S2 peak are not associated
with organic compounds adsorbed to the kerogen matrix. The kerogen isolation procedure is
designed to remove these prior to RE analysis, so the S2 peak derives exclusively from cracking
reactions even at low thermal stress. This is especially the case for the ODP Sediment kerogen
which displays significant S2 intensity at low maturation temperatures.

Figure 10. Normalized S2 peaks of the three chosen kerogens yielded from open system
pyrolysis with temperature ranging from 200°C to 680°C at a rate of 25°C/min. % Normalized is
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Figure 10. (Continued) the percentage of the highest magnitude as the temperature increases.
The temperatures are the absolute temperatures from the Rock-Eval measurements which are
corrected with a standard calibration to determine the actual Tmax (Behar et al., 2001).
In order to confidently optimize the bulk kinetic parameters based on the generation of
HCs (S2 values in RE data) via OSP, one must ensure that the Arrhenius frequency Factor A is
well chosen with the help of the relative error function derived. The bulk kinetics of this reactivity
is expressed as a function of the activation energy Ea and the frequency factor A in such a way that
a combination of low Log A and low Ea can have similar kinetics as a combination of high Log A
and high Ea values in laboratory settings. The greatest uncertainty arises during the extrapolation
of those two combinations to geological settings yielding totally different results. Therefore,
assigning a value for Log A is of tremendous importance when comparing the thermal evolution
of different organic samples and their extrapolation to geological settings with great confidence.
To account for the real difference in maturity of the selected samples, one must select a single
value of Log A value in such a way that, in the laboratory scale, the error function is minimized
and the calculated values of S2 closely fit the measured values.
The Toarcian S.R. being the most mature kerogen displays S2 generation curve typically
associated with only hydrocarbon generation (Figure 10). This suggests that the only sets of
reactions occurring are the degradation of a kerogen matrix similar to aged ODP Sediment and
Bazhenov kerogen. Therefore to distinguish these kerogens based on their reactivity, the bulk
kinetic optimization of all three kerogens must use a similar value for Log A which is chosen to
be the optimal Log A value for Toarcian S.R. in this study. Upon optimization of the OSP
measurements at different heating rates, we plotted the error function value F determined by the
Geokin modeling software as we increased the values of the Log A from 11 to 18 for Ea values
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between 34 and 74 Kcal/mole. This was applied on all three samples and is shown in Figure 11.
The error function is high at Log A values of 11 and 18, and it decreases as the log A value
approaches 14. Essentially, for all three kerogens, the error function is approximately the same
between Log A values of 13 and 15. Using values that range over this broad span can lead to a
huge underestimation or overestimation of Ea when extrapolating to the geological scale.
Essentially, the Geokin modeling software has the capabilities to automatically optimize
the Log A value by exploring the error function to find the minimum error and compare the
calculated values of S2 to the measured values of S2. This method is sometimes biased because it
doesn’t necessarily optimize for an appropriate energy distribution but only for the smallest error
value and other parameters such as the infinite value. To verify the integrity of the optimization,
we decided to manually optimize using an option of the Geokin software that identifies local
minima in the error function as we manually change the initial value of Log A. For example, the
Geokin-optimized Log A for Toarcian S.R. is 14.9 and the best fit manually-optimized Log A
value is 13.1 as shown along with the optimizations for Bazhenov S.R. and ODP sediment in
Figure 12. For Toarcian S.R., both optimizations display very comparable yields at each heating
rate with a small difference in error: Log A = 13.1 with an error F = 3.6 E-3 and Log A = 14.9 with
an error F = 6.2 E-3. This suggests that these two values of Log A can be used for Toarcian S.R.
degradation but the Ea distribution associated with each Log A value are very different. As
observed in Figure 12, the Ea distribution for Log A = 14.9 displays a bimodal characteristic with
one series of energies between 34 and 40 Kcal/mole and the second between 48 and 62 Kcal/mole.
This distribution seems to be less representative of the nature of this kerogen because Toarcian
S.R. is a relatively mature kerogen that should not contain covalent bonds as weak as the first
distribution of energies displayed for Log A = 14.9. On the other hand, Log A = 13.1 displays a
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unimodal distribution between 44 and 56 Kcal/mole which we believe to be more representative
and is therefore a more appropriate rendition of the true Log A value. A similar strategy to
determine appropriate Log A values was applied to Bazhenov S.R. and ODP Sediment kerogens.
For Bazhenov S.R., the difference between the Geokin-optimized Log A (Log A = 13.8)
and the manually-optimized Log A for Toarcian S.R. (Log A = 13.1) is much smaller and they
also display very similar yields at the different heating rates. There is no difference between the
errors F for the two values of Log A. Furthermore, the distributions of energies are similar for the
two values of Log A with a small difference of 2 Kcal/mole observed. Using a Log A value of
13.1, a unimodal distribution of energies between 38 and 58 Kcal/mole is obtained. This suggests
that the manually-optimized Log A for Toarcian S.R. kerogen can be applied for Bazhenov S.R.
kerogen.
For ODP Sediment, the Geokin-optimized Log A is 15.0 which calculates similar yields to
manually-optimized Log A of 13.1 at different heating rates. The energy distributions are also
unimodal and similar but with a shift of 6 Kcal/mole. The energy distribution for Log A = 13.1 is
between 34 and 60 Kcal/mole which is more representative than the distribution at Log A = 15.0
between 38 and 64 Kcal/mole because ODP Sediment kerogen is immature and expected to contain
the greatest amount of weak covalent bonds associated with its kerogen matrix.
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Figure 11. A plot of the error function F against Log A performed manually for bulk kinetics
optimization of the three kerogens in the open system.
In order to simulate the thermal degradation based on the OSP measurements, the Log A
value of 13.1 was therefore used for all three kerogens. Using this Log A value, the difference in
maturity amongst the three kerogens is consistent for both the laboratory settings and upon
extrapolation to the geological settings as shown in Figure 13a and 13b.
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Under laboratory conditions, ODP Sediment kerogen shows the earliest thermal maturation. At
300oC, 10% of the ODP Sediment is transformed while Bazhenov S.R. and Toarcian S.R. remain
unchanged. At 350oC, 5% of the Bazhenov S.R. kerogen is transformed while the Toarcian S.R.
kerogen remains unreactive. It is not until 375oC that the degradation of Toarcian S.R. kerogen
initiates. This trend in maturation is expected because the ODP Sediment as the most immature
kerogen is composed of a wide variety of bonds including a large amount that requires the least
energy to crack and therefore ODP Sediment matures earlier than the other kerogens. Similarly,
Bazhenov S.R. kerogen, as the second most immature sample chosen, contains fewer weak bonds
than ODP Sediment kerogen and therefore matures a bit slower. The Toarcian S.R. kerogen shows
a slightly different maturation curve. Its degradation initiates when ODP Sediment and Bazhenov
S.R. have already transformed 20% and 5%, respectively, of their kerogen. However, its
degradation is slightly more intense than the other kerogens because of our inherent assumption
that all bonds present in each kerogen have the same Log A throughout the maturation. Under
geological conditions, the order of degradation remains the same showing ODP Sediment kerogen
first to mature and then Bazhenov S.R. kerogen and finally Toarcian S.R. kerogen. The Toarcian
S.R. also displays a late rapid degradation similar to the laboratory settings. These bulk kinetic
parameters provide values for the transformation ratio (TR) for each kerogen in the laboratory
frame that can be used for closed system pyrolysis during the evaluation of product generation.
For the geological scale, the temperatures of interest are between 40oC and 90oC representing the
zone of microbial activity and methanogenesis. In Figure 13.b, this microbial window is
represented by a dashed frame and shows the extent of the early thermal alteration of each kerogen
into products that are presented in the mass balance section.
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Figure 13. Simulated degradation based on bulk kinetics on the selected kerogens. Dashed area
represents the zone of microbial activity in natural sediments.
4.1.3. Solid-state 13 C Nuclear Magnetic Resonance CPMAS
Solid-state

13

C cross-polarization magic angle spinning (13C CPMAS) nuclear magnetic

resonance allows the bulk determination of structural/functional groups present in a solid organic
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sample and has been used to determine structural differences or similarities amongst the selected
samples in this study. Solid-state

13

C NMR spectra of the chosen kerogen samples thermally

unaltered are shown in Figure 14. Similarities can be observed for all spectra: terminal methyl
groups (15 ppm), aliphatic functionality (30 ppm), alcohol/ether/thiol/amine (60 - 90 ppm),
aromatic groups (90 - 160 ppm), and acid functionalities (175 ppm) are present in all spectra except
for the Toarcian S.R. which lacks alcohol/ether/thiol functional groups (peak 5). The kerogen from
ODP Sediment is mainly characterized by four main functional groups: a large aliphatic peak
which is consistent with its high HC potential, an alcohol/ether/thiol/amine peak, a broad aromatic
peak and a substantial carboxylic acid/ester peak. Bazhenov S.R. has a similar fingerprint as ODP
Sediment because they are both immature kerogens and seems to possess similar functional
groups. Since the Bazhenov S.R. possesses a significant amount of sulfur, we must consider thiolcontaining groups as important functional groups. The

13

C NMR spectrum of the Toarcian S.R.

kerogen on the other hand only shows two main bands: the aliphatic band and the broad aromatic
band. The absence of the other bands in the 13C NMR spectrum of the Toarcian S.R. is indicative
of the fact that Toarcian S.R. is more mature than both ODP Sediment and Bazhenov S.R.;
therefore it is more advanced in maturation and has lost much more heteroatomic functional groups
during its early stages of natural maturation that includes diagenesis.
Numerous details of the spectral assignments are noteworthy. The immature ODP
Sediment kerogen is most replete with functionalized carbons. Aside from the main peaks noted
above, we can discern some smaller peaks/shoulders as noted in Figure 14. The first of these is
peak 1 assigned to terminal methyl groups indicative of long-chain polymethylenes. This peak
persists through increased maturation as do peaks 2 and 3 assigned to long-chain polymethylenes
and quaternary carbons, respectively. This suggests that the basic aliphatic structural framework
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for the kerogens is not significantly affected by the progressive maturation to the stage of the
Toarcian S.R. kerogen. Progressing to higher chemical shift, one can identify aliphatic
functionalized carbons many of which undergo substantial intensity reduction with increased
maturation. Peaks 4, 5, and 6 are those of O, S, or N-substituted aliphatic groups. We observe a
general diminution of these with increasing maturation and this is consistent with observed
changes in elemental O/C ratios. The presence of peaks 5, 6 and 7 in the ODP Sediment kerogen
is suggestive of the presence of polysaccharides and these are only observed in this kerogen,
consistent with earlier findings (Hatcher et al., 2014). In the aromatic region, we observe the main
aromatic peak 8 but note shoulders at positions 8 and 9 assigned to N heterocycles and at peak 10
assigned to phenolic constituents. These aromatic peaks seem to persist through maturation
suggesting that the core aromatic structures are not impacted by thermal alteration to the levels of
maturation observed. As noted above, the main signal affected by increased maturation is that
assigned to carboxyl/ester/amide functionalities noted by peak 11. Peak 12 is assigned to
ketone/aldehyde functions and its presence diminishes with increased maturation. One can also
argue that the difference in structural functional groups between these kerogens is due to the
difference deposition settings and environments. Here knowing the maturity levels and reactivity
of each kerogen,

13

C NMR results display a potential trend from immature kerogen to mature

kerogen. In our future study, each point of maturation will be analyzed by 13C NMR to confirm
this potential maturation of recent kerogen because it is not in the scope of this present study.
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Figure 14. Solid-state CP/MAS

13

C Nuclear magnetic resonance analysis of selected initial

kerogens. The legend to the right indicates assignments for the various bands numbered. List of
Peaks: 1 -Terminal CH3, 2 - Aliphatic and allycyclic CH2, 3 - Quaternary C, 4 - Epoxide and 2ndary
heteroatomic C (O, N, and S), 5- Carbohydrates and esters, 6 - Alkyne and quaternary
heteroatomic, 7 - Anomeric C, 8 - Aromatic (protonated or Carbon substituted), 9 - Oxygen
substituted aromatic, 10 - Oxygen substituted aromatic (phenolic), 11 - Carboxylic acid and ester,
12 - Ketone/aldehyde.

4.2. Mass balances
The different yields of the artificial maturation of the three Type II kerogens are displayed
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in Tables 6 – 9 and depicted in Figure 15. The gaseous products consist of carbon dioxide CO2,
light HCs (C1 – C4) and hydrogen sulfide, H2S. The solvent extracts represented as maltenes (npentane) and asphaltenes (DCM), and the residual kerogen, after solvent extraction, are also
included in Tables 6 – 9. The sum of all these products representing the total recovery is between
95% and 102%. Mass errors are due to an underestimation of the residue weights due to the loss
of small chards of gold and also because the transfer of residue prior to solvent extraction is not
perfectly quantitative. The transformation ratio (TR) values appearing in these tables are generated
from the bulk kinetics of each kerogen in OSP which follow the generation of HCs. The TR values
are equal to the percentage of HCs released compared to the maximum HC potential of each
kerogen in open system. Therefore, these values are mainly influenced by the generation of HCs
from the maturation of each kerogen. At low temperatures where few HCs are generated, the TR
values are extrapolations based on the higher temperature data and probably do not necessarily
reflect the low-temperature generation of products.
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Table 7. Mass balances (yield %) obtained on the Type II ODP Sediment kerogen artificially
matured in a closed system pyrolysis: maltenes represent HCs C14+ (saturates + aromatics) and the
non-asphaltenes portion of the NSO compounds.

Temp Time
°C
h
150 24
150 72

Open
System
TR
(%)
0.13
0.34

CO2
(%)
2.54
3.21

Gases
H2S C1 - C4
(%)
(%)
0
0.00
0
0.00

NSOs fractions
Maltenes Asphaltenes
(%)
(%)
0.15
1.40
0.19
1.81

Solid
Residue Lost
(%)
(%)
93.9
2.0
92.2
2.0

Total
Recovery
(%)
100.0
99.1

175
175

24
72

1.05
1.96

3.52
3.98

0
0

0.00
0.01

0.21
0.22

2.10
2.45

91.4
89.3

2.0
2.0

99.1
97.9

200
200
200
200

3
9
24
72

1.38
2.47
3.64
5.46

3.71
4.56
5.07
5.92

0
0
0
0

0.00
0.00
0.01
0.02

0.22
0.23
0.28
0.44

2.21
2.65
3.09
3.72

90.1
89.6
88.9
86.6

2.0
2.0
2.0
2.0

98.2
98.9
99.3
98.9

225
225
225
225

3
9
24
72

4.11
6.16
8.43
11.77

5.39
6.14
6.91
7.77

0.01
0.01
0.02
0.02

0.01
0.02
0.03
0.04

0.44
0.45
0.67
0.71

3.40
4.02
4.21
4.69

88.0
86.0
84.9
83.0

2.0
2.0
2.0
2.0

99.6
98.9
99.0
98.2

250

24

16.55

8.78

0.09

0.07

0.72

3.88

80.5

2.0

97.2

275

24

28.43

10.7

0.32

0.16

1.53

5.73

75.2

2.0

95.3

300

24

44.56

11.53 0.90

0.36

3.19

5.97

72.1

2.0

95.2

325

24

74.4

11.92 1.86

0.87

2.40

5.50

68.5

2.0

98.3
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Table 8. Mass balances (yield %) obtained on the Type II-S Bazhenov S.R. kerogen artificially
matured in a closed system pyrolysis: maltenes represent HCs C14+ (saturates + aromatics) and the
non-asphaltenes portion of the NSO compounds.
Open
System
Temp. Time
TR
°C
h
(%)
150
24
0.00
150
72
0.00

CO2
(%)
0.44
0.63

Gases
H2S C1 - C4
(%)
(%)
0.04
0.00
0.07
0.00

NSOs fractions
Maltenes Asphaltenes
(%)
(%)
0.03
0.80
0.11
1.20

Solid
Residue Lost
(%)
(%)
95.6
2.0
94.4
2.0

Total
Recovery
(%)
99.7
99.0

175
175

24
72

0.00
0.01

1.22
1.70

0.06
0.10

0.01
0.01

0.21
0.29

2.41
3.52

93.6
89.5

2.0
2.0

99.8
99.7

200
200
200

9
24
72

0.00
0.03
0.10

2.24
2.39
3.31

0.04
0.11
0.20

0.01
0.01
0.02

0.33
0.43
0.54

4.10
5.11
6.20

90.9
88.4
86.9

2.0
2.0
2.0

99.4
98.9
98.5

225
225
225

9
24
72

0.16
0.41
1.18

3.42
3.80
4.01

0.22
0.27
0.44

0.03
0.05
0.06

0.56
0.59
0.62

6.80
7.29
8.96

86.5
84.7
83.5

2.0
2.0
2.0

98.7
98.8
99.6

250
250
250
250

9
24
48
72

1.41
3.36
5.74
7.56

3.82
4.24
4.37
4.81

0.50
0.57
0.96
1.37

0.08
0.14
0.24
0.25

0.67
0.97
1.64
2.16

9.81
10.52
11.52
11.90

82.5
80.9
78.9
77.9

2.0
2.0
2.0
2.0

99.4
99.3
99.6
100.4

275
275
275
275
275

3
9
24
48
72

3.36
7.71
13.92
20.00
24.10

4.10
4.95
5.33
5.59
5.72

0.54
1.13
1.38
1.60
1.88

0.09
0.27
0.49
0.52
0.74

1.00
2.27
4.48
6.05
6.97

10.77
12.01
13.92
14.51
14.99

81.5
77.2
72.3
68.7
66.9

2.0
2.0
2.0
2.0
2.0

100.0
99.8
99.9
99.0
99.2

300
300
300
300

1
3
9
24

0.43
13.00
23.20
34.78

3.91
5.47
6.04
6.21

0.35
1.59
2.26
2.74

0.06
0.43
0.76
1.37

0.75
4.70
6.90
9.03

7.23
13.52
14.86
15.59

84.9
72.8
66.8
63.2

2.0
2.0
2.0
2.0

99.0
100.1
99.6
100.1

300
325
325
325

72
3
24
72

50.58
31.92
62.79
77.81

6.80
6.10
6.58
7.01

3.09
2.35
3.37
4.70

1.88
1.23
2.62
4.73

11.53
8.50
12.52
13.18

15.50
15.29
14.55
12.23

59.1
64.0
57.0
57.3

2.0
2.0
2.0
2.0

99.9
99.5
98.6
101.2
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Table 9. Mass balance (yield %) obtained on the Type II Toarcian S.R. kerogen artificially matured
in a closed system pyrolysis: maltenes represent HCs C14+ (saturates + aromatics) and the nonasphaltenes portion of the NSO compounds.

Temp Time
°C
h
175
24
175
72

Open
system
TR
(%)
0.00
0.00

Gases
CO2
(%)
0.31
0.45

NSOs fractions
H2S C1 - C4 Maltenes Asphaltenes
(%)
(%)
(%)
(%)
0.01
0.00
0.02
1.38
0.00
0.00
0.30
2.01

Solid
Residue
(%)
96.5
95.4

Lost
(%)
2.00
2.00

Total
Recovery
(%)
100.2
99.4

200
200
200

9
24
72

0.00
0.01
0.04

0.65
0.86
1.12

0.02
0.04
0.10

0.00
0.01
0.02

0.13
0.26
0.43

1.70
2.14
2.30

94.2
93.7
93.5

2.00
2.00
2.00

98.7
98.8
99.3

225
225
225

9
24
72

0.05
0.13
0.26

1.24
1.50
1.60

0.08
0.14
0.16

0.01
0.02
0.03

0.21
0.39
0.72

2.58
3.54
3.95

93.0
92.2
91.2

2.00
2.00
2.00

98.8
98.6
98.4

250
250
250
250

9
24
48
72

0.44
1.08
1.94
2.66

1.70
1.80
2.05
2.23

0.17
0.20
0.29
0.29

0.03
0.06
0.08
0.09

0.54
0.63
0.86
1.12

4.60
4.82
5.48
5.57

90.8
88.9
88.2
85.6

2.00
2.00
2.00
2.00

98.8
98.2
98.7
98.7

275
275
275

3
9
24

1.03
2.60
5.33

1.68
2.10
2.64

0.22
0.33
0.47

0.05
0.08
0.18

0.30
4.36
1.96

5.80
6.10
7.71

89.3
86.9
83.3

2.00
2.00
2.00

98.9
99.1
99.2

300
300
300
300
300

1
3
9
24
72

0.12
4.71
10.25
19.69
37.12

1.52
2.29
2.89
3.45
3.60

0.11
0.44
0.66
0.97
1.30

0.02
0.13
0.25
0.48
0.75

0.60
2.55
4.60
5.37
6.22

3.40
9.34
9.86
11.30
11.25

91.9
84.4
78.5
72.5
67.0

2.00
2.00
2.00
2.00
2.00

98.3
98.7
98.7
99.1
100.6

325
325
325

3
24
72

16.31
53.97
80.11

3.28
3.71
4.02

0.90
1.60
1.90

0.43
1.10
1.97

4.49
6.69
8.78

12.27
12.02
9.50

74.1
66.0
64.2

2.00
2.00
2.00

99.2
100.9
101.7

Using the TR values displayed in these tables; the yields of each class of compounds
throughout the maturity level of each kerogen are plotted against each corresponding set of TRs
as displayed in Figure 15 to evaluate similarities and differences observed during the artificial
maturation of the isolated kerogens as will be explained below in the Discussion.
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Figure 15. Evolution curves for the solid residue, asphaltenes and maltenes, gaseous HCs C1 –C4,
CO2 and H2S during artificial maturation of three Type II/II-S kerogens - ODP Sediment,
Bazhenov S.R. and Toarcian S.R. – in a closed system with increasing TR values determined from
bulk kinetics in an open system.
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5. Discussion
Using the %C, %H and %O, a van Krevelen diagram shown in Figure 16 was constructed
using atomic H/C vs. atomic O/C. All three marine kerogens fall into the typical Type II kerogen
trend on the van Krevelen diagram. The arrows in Figure 16 indicate increasing natural maturity
for the kerogens on the van Krevelen diagram. This natural evolution mainly involves thermal
degradation of the kerogen due to the increase of temperature as the sediments get buried deeper
which is controlled by its thermal gradient. The most immature kerogen plots at a high O/C and
high H/C which confirms that it hasn’t been thermally degraded and conserved its heteroatomic
composition and its aliphatic components. Bazhenov S.R. plots at a more mature position than
ODP Sediment with a lower O/C but similar or slightly smaller H/C. This suggests that Bazhenov
S.R. lost oxygenated compounds but conserved its high aliphatic characteristics. Similarly,
Toarcian S.R. also lost oxygenated compounds because it plots at a more mature position that
Bazhenov S.R. with a lower O/C and a slightly smaller H/C. Toarcian S.R. plots at the entry of the
oil generation which matches its predicted maturity level. Along with the Rock-Eval
measurements, this van Krevelen diagram clearly displays the relative maturity of all three
kerogens and predicts the evolution path that the artificial protocol used in this study should follow.
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Figure 16. Van Krevelen of the three initial kerogen samples chosen for this study.
It is apparent from Figure 15 that asphaltenes and CO2 are produced in great quantities very
early during the maturation of all three kerogens, and their evolution curves consistently increase
in an exponential pattern. This strongly implies that these two early products originate from the
same early thermal degradation reactions of the kerogens that we can refer to as “primary thermal
cracking reactions”. Other products, such as light HCs C1 – C4, H2S and maltenes, show very low
yields at low thermal severity and the increase displays a convex pattern at low maturation severity.
This suggests that these are secondary products generated from reactions associated with the
release and cracking of the primary products (CO2 and asphaltenes) which show a gradual
diminution due to the onset of secondary cracking.
The general trend for the yields of the solid residues indicates that the degradation of the
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kerogens occurs in successive stages. It is clear that the kerogen first degrades rapidly in concert
with the release of asphaltenes and CO2 and then stabilizes when the maximum asphaltenes yield
is achieved. However, amongst the primary products, asphaltenes are thermally unstable (Behar et
al., 2008; Behar et al., 2010). They undergo thermal cracking at temperature/time conditions
covered in this study. Indeed, Behar et al. (2008) showed that the primary degradation of the
kerogen occurs at different rates along the entire maturation, produces around 11% secondary
products, and also shows evidence for additional sources for the production of secondary products.
They demonstrated that asphaltenes from Type I and II kerogens, as primary products, become
unstable above 225oC/24h and undergo secondary cracking to release around 35% additional
secondary products such as maltenes, light HCs and H2S. Knowing that CO2 is stable and does not
undergo secondary reactions, asphaltenes are the main primary products able to release secondary
products upon maturation.
To better understand the thermal generation of the products in Figure 15, we divided the
maturation of the kerogen into two main phases based on the known thermal reactivity of
asphaltenes and the changes in slope that is observed with increasing TR. The first phase is the
earliest stage where asphaltenes are produced and are stable; there is no secondary cracking at this
stage. This occurs below 225oC/24h corresponding to TR values of 8.4%, 0.41% and 0.13% for
ODP sediment kerogen, Bazhenov S.R. kerogen and Toarcian S.R. kerogen, respectively. The
second phase, which coincides with the onset of the HC-producing stage, extends over the rest of
the maturation. In this second phase, there is a competition between primary and secondary
cracking reactions which will be dominated by secondary cracking reactions as the solid residue
becomes more unreactive and the primary products become more unstable. The discovery of a
two-stage system has extended our understanding of kerogen maturation in general, especially for
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the Type II kerogens examined here.
5.1.

First phase: generation of primary products - Asphaltenes and CO2.

In order to compare the early maturation yields for all three kerogens, we plotted all yields
in Figure 17 against the TRs obtained for Toarcian S.R. representing the early stage of
transformation (225C/24h). At the end of the first phase, for ODP Sediment kerogen, 84.9% of the
kerogen remains residual as 4.2% and 6.9% of asphaltenes and CO2 are produced, respectively.
The decrease of 15.1% in initial kerogen mass corresponds to the yield of 11.1% asphaltenes and
CO2 with a minor contribution of secondary products. For the Bazhenov S.R. kerogen, as 84.7%
of the kerogen remains residual and asphaltenes and CO2 achieve yields of 7.3% and 3.8%,
respectively. Similarly, of the 15.3% degraded kerogen, asphaltenes and CO2 accounts for 11.1%
with a minor amount of secondary products. Likewise with the Toarcian S.R. kerogen, 92.2% of
the kerogen remains residual while 3.1% of asphaltenes and 1.6% of CO2 are released.
As the kerogen degrades at conditions lower than 225oC/24h, asphaltenes and CO2 yields
display curves that are inversely symmetric to the curves of the solid residue as the total mass is
conserved based on the mass balances shown in Tables 7 – 9. Furthermore, both primary products
in each case display very similar trends and account for more than 90% of the mass loss of the
initial kerogens. This strongly implies a direct link between the generation of asphaltenes and CO2
and the primary cracking reaction of kerogen. Therefore, one can suggest that a cleavage of the
weakest covalent bonds within the structure of each kerogen generates both CO2 and asphaltenes.
Interestingly, for all three kerogens, the trends of CO2 and asphaltene yields are in perfect
correspondence during the first phase.
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Figure 17. Evolution of primary products for the selected kerogens during the 1st phase of
maturation with increasing Transformation Ratios determined from bulk kinetics of Toarcian S.R.
kerogen in open system.
Remarkably, half of the early maturation of ODP Sediment kerogen occurs prior to the HC
producing stage of the Toarcian S.R. kerogen. This implies that this kerogen is reactive and
releases its primary products at very low temperatures. During this first phase, the CO2 yield of
the ODP Sediment kerogen is 2.5% at 150oC/24h while Bazhenov S.R. kerogen and Toarcian S.R.
kerogen yield, under similar conditions, 0.44% and 0.35% CO2, respectively. These CO2 yields
can be attributed to the fact that there is a difference in maturity and TOC content of the kerogens.
The trend and the low generation of H2S during the first stage suggest that H2S cannot be linked
to the early degradation of the kerogen but mostly to secondary cracking reactions. Moreover,
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during this first phase, Toarcian S.R. does not produce a greatly increasing amount of gaseous or
liquid products which makes its kinetic optimization basically pointless. Therefore the bulk
kinetics of only ODP Sediment and Bazhenov S.R. kerogens in closed system are performed later
in the Bulk Kinetics Optimization section.
5.2.

Second phase: generation of secondary products

The second phase of maturation represents the onset of catagenesis which is beyond the
scope of this study. It mainly displays the generation of secondary products such as light HCs (C1C4), H2S and maltenes originating partially from the late degradation of the initial kerogen and
partially from the secondary cracking of asphaltenes. In this study, we focus mainly on the
chemical reactions occurring in the first phase because previous studies have thoroughly studied
the second phase which once extrapolated to the geological scale corresponds to temperatures
greater than 120oC.
5.3.

Comparison of CO2 generation between open system pyrolysis and closed system
pyrolysis

Open system pyrolysis (OSP) and closed system pyrolysis (CSP) are two methods used to
artificially mature the kerogen to mimic its natural evolution. OSP has been used mainly for oil
generation purposes (Espitalié et al., 1980; Espitalié et al., 1984; Verheyen et al., 1984; Dahl et
al., 2004; Akande et al., 2012) while CSP has been used for additional kinetics, isotopic and
gaseous analyses (Lorant et al., 1998; Behar et al., 2008; Behar et al., 2010). So depending on the
purpose of the study, one method is more appropriate than the other. In this study, the combination
of both was necessary because the OSP easily provided the bulk Arrhenius factor Log A while the
CSP provide the entire mass balance and reactivity of each kerogen for a better and more detailed
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extrapolation to the geological scale. The main reason why OSP was not used for this entire study
lies in the fact that the reaction is continuous which makes it impossible to interrupt and track
chemical classes such as asphaltenes and maltenes during the maturation of the kerogen. With CO2
being one of the most important primary products, the OSP method particularly underestimates
the amount of CO2 compared to CSP as discussed below. In Figure 18, the first phase of the
artificial maturation of the three selected kerogens shows to follow the predicted natural evolution
of kerogen in geological settings. This confirms the validity of our artificial maturation method
and the mass balance values retrieved from it. We have matured ODP Sediment kerogen until it
reached the initial maturity level of Bazhenov S.R kerogen near O/C ratio of 0.2 based on elemental
analysis. Likewise, the Bazhenov S.R. kerogen was artificially matured and surpassed the initial
maturity level of Toarcian S.R. kerogen. The latter was matured and reached an O/C value of 0.09
like Bazhenov S.R. kerogen at the end of the first phase of maturation.
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Figure 18. Artificial maturation during the first phase of the three kerogens based on elemental
analysis. The large dots represent the initial kerogen and the undersized dots represent the changes
in the elemental composition of the residual kerogens at each point of maturation during the first
phase.
A greater proportion of CO2 is generated in CSP than in OSP (Table 10). This is partly due
to the fact that during the OSP, the sweeping gas flow and thermal heating carry vaporized organic
products into a cold trap. These volatiles harboring CO2 functionalities include resins which are a
potential source of CO2 during thermal degradation (Behar et al., 1995, Behar et al., 2008; Behar
et al., 2010). In essence, in OSP, resins are vaporized and swept away from the reaction zone
before they can crack and release CO2. For CSP, the entire kerogen, including resins, remains in
the tube and is integrally subjected to the artificial cracking; all products and residual kerogens
from the mild thermal cracking are trapped in the closed system as they perhaps might be in the
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deep subsurface. Indeed, resins can undergo secondary cracking to release additional CO 2 while
under OSP the volatilization of resins and also other reactions may occur to quench CO2
production. Consequently, the overall CO2 released via CSP is greater than the CO2 produced via
OSP. In this paper we focus on the early reactions involved in the transformation of the organic
matter at low temperatures. We indicate here that open system pyrolysis is inadequate to clearly
display the reactivity of the organic matter at very low thermal severity because it does not account
for the early generation of CO2 observed with closed system pyrolysis. Therefore, to derive the
bulk kinetics of the CO2 generation we will use closed system pyrolysis and evaluate the reactivity
of Type II kerogen in geological timescale.
In the case of the most immature kerogens, the difference is quite large, four times as large
as the other two differences. This is due to the greater amount of heteroatomic compounds in ODP
Sediment kerogen which leads to resins also with greater amounts of heteroatomic compounds that
can generate more CO2. Assuming that resins represent 83% of the peak S2 of the kerogens in
Table 10, the differences in CO2 between the OSP and CSP systems are explained by the thermal
cracking of resins as long as they have 27%, 5% and 3.4% CO2 generated by ODP Sediment,
Bazhenov S.R. and Toarcian S.R. kerogens, respectively. Those quantities are not obvious in our
mass balance tables because our measurements are limited by secondary cracking which depleted
the resins from their actual measured yields.
These findings strongly suggest that a considerable portion of the kerogen transformation
is missed in the OSP and, as will be shown in Table 10, is tremendously important for
understanding the early maturation of kerogen at the pre-HC generating stage. The thermal
generation of CO2 is therefore a significant maturation indicator because it reveals the onset of
early thermal maturation reactions. Our goal is to mimic the natural maturation of the selected
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kerogens to understand the source(s) of CO2 and its link to early diagenesis in marine sediments
using CSP. It is therefore useful to apply the OSP measurements to estimate the bulk kinetics
parameters of the thermal cracking as performed in the conventional manner and to later use the
CSP results to optimize the bulk kinetic parameters in order to appropriately define the maturation
process.
Table 10. Comparison of generated CO2 from artificial maturation of the isolated kerogens, refer
to Table 7 – 9 for values of closed system pyrolysis.
CO2
Comparison

ODP Sediment

Closed
system1
mg CO2/g
TOC
384

Open
system2
mg CO2/g
TOC
257

Bazhenov S.R.

123

90

33

Toarcian S.R.

74

48

26

from maturation

Resins3

Difference
mg CO2/g
mg/g kero
TOC
127
136

mg/g
TOC
458

% CO2
in resins
27

380

668

5

421

765

3.4

1

CO2 produced from thermal cracking in closed system pyrolysis until maximum was reached
divided by the TOC – See Tables 7 – 9. The %CO2 was converted to mg/g TOC using the TOC %;
2
CO2 produced from thermal cracking in open system during Rock-Eval analysis – See Table 5.
Values were already in mg/g TOC by adding S3, and S3CO.3Potential amount of resins responsible
for CO2 generation upon cracking assuming that resins represent 83% of the peak S2 of the
kerogens in Table 5.

5.4.

Implications for the kinetic model: initial constraints for kinetic modeling

Based on mass balance results, we propose to define the kinetic parameters of the different
thermochemical reactions driving the early maturation of kerogen prior to catagenesis.
Experimental yields of products are used to constrain a kinetic scheme able to trace every point of
this maturation and provide the activation energies for the first phase of maturation. To minimize
the number of free parameters and obtain an optimized kinetic scheme chemically feasible, the
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following constraints are also proposed:
-

Mass balances are normalized to 100% representing the sum of all the recovered
fractions

-

Reactants and products are lumped into four chemical classes: Kero (initial kerogen),
CO2, asphaltenes, and residue (H2S, [C1 – C4], maltenes, prechar and residual kerogen)

-

The same frequency Factor A as determined by bulk kinetics for kerogen cracking in
open system (Figure 3) is assumed for kerogen maturation.

-

At TR between 0% and 0.15% (for Toarcian S.R. kerogen), initial guesses for
stoichiometric coefficients for the main chemical classes are chosen as represented in
schemes [4 – 6]. These reactions are reasonable because all products arise directly from
the primary cracking of the kerogen and no secondary cracking is occurring. Therefore,
the absolute amount of products originates from only one source.

ODP Sediment: Kero

6.91 CO2 + 4.21 Asph + 88.88 Residue

[4]

Bazhenov S.R.: Kero

3.80 CO2 + 7.29 Asph + 88.91 Residue

[5]

Toarcian S.R.: Kero

1.53 CO2 + 2.40 Asph + 96.07 Residue

[6]

5.5.

Understanding the early thermal degradation of kerogen by means of kinetic
models

Based on experimental yields, kinetic schemes for the early thermal maturation in closed
system pyrolysis of three Type II kerogens are proposed and simulated using a single Arrhenius
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Factor A. In our kinetic model, we recognize the possible effects or influences of the water vapor
and light acids/bases generated but we assume those effects are minor and that the early reactions
are only attributed to the thermal cleavage of week bonds.
All three kinetic schemes are similar and only differ in absolute yields. This allows one to
predict that similar reactions must drive the early degradation of these Type II kerogens and
therefore we assume that they have the same Arrhenius Factor A. The main focus here is to
simulate the reactivity of immature kerogen as it is subjected to sedimentary burial at low
geological low temperatures between 10oC and 90oC for millions of years. In order to achieve our
goal, the Ea values of the chemical reactions responsible for the early maturation of all three
kerogens need to be defined. The yields of CO2 and asphaltenes are used in tandem to optimize
the early maturation phase using Geokin software based on the above chemical constraints and the
kinetic schemes [4 – 6]. The Ea values are optimized and range from 30 Kcal/mole to 48 Kcal/mole
as shown in Figure 19.
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Figure 19. Activation energy distribution for the kinetic schemes based on the yields of CO2 and
asphaltenes during the 1st phase of maturation only for ODP sediment and Bazhenov S.R kerogens.
Pi represents the population or percentage per energy of activation. For this simulation, Log A
values from Figure 12 were applied for these kerogens because they yielded the lowest error.
For ODP Sediment kerogen, the Ea values range between 34 Kcal/mole and 40 Kcal/mole
with a bimodally distributed PI (%). The most abundant energies of activations are 34 Kcal/mole
and 40 Kcal/mole with 35.63% and 36.01% abundance, respectively. This implies that ODP
Sediment kerogen is composed of a nearly equal distribution of weak bonds and one of relatively
stronger bonds. For Bazhenov S.R. kerogen, the highest populated energy of activation is at 38
Kcal/mole with 43.27% abundance. The overall distribution of the energies shows that Bazhenov
S.R. kerogen is composed of more relatively strong bonds than those present in ODP Sediment
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kerogen because Bazhenov S.R. kerogen is more mature and therefore requires greater activation
energies to degrade during the 1st phase of its maturation. These energy distributions validate the
difference in maturity level of the initial kerogen selected for this study. They also confirm that
the production of CO2 and asphaltenes do not originate from the disruption of any adsorption
interactions with the residual matrix because the activation energies are greater than 5 – 10
Kcal/mole often associated with adsorption interactions. These activation energies are very
essential in the simulation of the thermal maturation of ODP Sediment and Bazhenov S.R.
kerogens in both the laboratory and geological settings.
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Figure 20. Comparison of CO2 and hydrogen index (HI) from the simulated thermal maturation of
the kerogens in laboratory settings of a classical Rock-Eval analysis
Based on the bulk kinetics in the closed system, the generation of CO2 was simulated based
on the laboratory scale and was compared to the HC generation by RE expressed as HI values as
shown in Figure 20. This confirms that the thermal cracking of immature kerogens leads to the
generation of CO2 which occurs prior to the release of hydrocarbons. For instance, ODP Sediment
kerogen generates CO2 at temperatures lower than 40oC while its HC generation starts at around
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45oC. Likewise, for Bazhenov S.R., CO2 generation starts at 40oC while its HC generation does
not initiate until 70oC. Toarcian S.R. kerogen, with the least generation of CO2 shows the same
sequence of reactions but displays low absolute yields of CO2 hardly comparable to its HI values
which explains why its extrapolation to the geological scale is only meaningful for the
determination of bulk kinetics parameters of its HC generation. This early generation of thermallygenerated CO2 impacts the CO2 cycle in marine sediments in such a way to will tremendously
influence the isotopic fractionation of CO2, some will precipitate to subsequently form calcite
(Worden et al., 1995).
The optimized Ea values for all three kerogens are used to simulate product yields based
on the first phase of maturation using the Geokin software at the laboratory scale as shown in
Figure 19. These plots show an excellent correlation with only a deviation of 5% between the
measured and computed yields of CO2 and asphaltenes. Indeed, the slope of each correlation is
between 0.960 – 1.014 and the correlation coefficients range between 0.994 - 0.997.
In Figure 12, the OSP determines the activation energy distributions for the degradation of
each kerogen and, since the pyrolysis conditions are optimized for hydrocarbon generation only,
Ea values of 40 Kcal/mole are the minimum Ea determined. Meanwhile Ea values are as low as 32
Kcal/mole for the 1st phase of maturation in closed system pyrolysis. This difference in minimum
Ea is significant in that it implies that the OSP fails to account for the cracking of weak bonds
where a significant amount of kerogen transformation occurs. This also implies that in past studies
(Tissot and Espitalié, 1975; Chiaramonte et al., 1988; Behar et al., 1992; Behar et al., 1995), a
considerable portion of the maturation of kerogen was ignored because the interest was mainly
focused on HC production. We now recognize that the kinetic scheme used for simulating thermal
maturation of kerogen needs to include the contributions of early reactions occurring prior to
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catagenesis.

Figure 21. CO2 and corresponding asphaltenes generation in the geological settings simulated by
Geokin using the optimized energy distributions for the 1st phase of the maturation of ODP
sediment and Bazhenov S.R. Kerogens.
Based on the optimized energy distribution for the 1st phase of maturation of each kerogen,
the generation of CO2 and asphaltenes is simulated at the geological timescale using the Geokin
modeling software as illustrated in Figure 21. The temperature and the time commence at 0oC and
0 million years, respectively, to determine the onset of thermal alteration for all three kerogens.
The maximum yields of the primary products are attained at around 80 oC for both kerogens. The
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thermal generation of CO2 is directly proportional to the maturity level of the initial kerogen.
Indeed, ODP Sediment kerogen, which is the least mature kerogen, shows a rapid production of
CO2 between 0 – 10oC which is not observed in Bazhenov S.R. kerogen which starts releasing CO2
at 15oC. Moreover, ODP Sediment kerogen is also the first kerogen to produce asphaltenes also
between 0 - 10oC. Bazhenov S.R. initiates with a greater amount of asphaltenes because with the
chemical equations and the bulk kinetic parameters used showed that it contains an initial amount
of asphaltenes present in its matrix before the additional generation upon thermal cracking. Beyond
15oC, Bazhenov S.R. kerogen starts generating more asphaltenes and quickly surpasses the ODP
Sediment kerogen due to differences in activation energy ditributions (Figure 19). Therefore, with
respect to the absolute amounts of chemical bond cleavages at those temperatures, Bazhenov S.R.
kerogen becomes more reactive than ODP Sediment kerogen. At temperatures between 10oC –
60oC, the thermal alteration of immature ODP Sediment and Bazhenov S.R. kerogens is
responsible for the production of up to 232 mg/g TOC and 67 mg/g TOC of CO2 and 142 mg/g
TOC and 128 mg/g TOC of asphaltenes, respectively.
Our current findings show that low thermal alteration of Type II kerogens liberates
compounds lighter than the initial kerogens and represent an additional source of potential
substrates that drives biological metabolism reactions in deep sediments. Indeed, amongst those
biological reactions, methanogenesis is by far one of the most enegertically important because it
is responsible for almost one third of the global production of biogenic methane. Depending upon
the labile nature of asphaltenes, we propose that microorganisms can feed on the asphaltenes to
generate substrates for methanogenesis such as acetate and C1 compounds accounting for around
two-thirds of the biogenic methane production worldwide. Here we show that these low
temperatures are within the optimal temperatures for the survival of consortiums of
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microorganisms involved in methanogenesis in natural sediments. Consequently, up to 8% CO2
will be made available in the ODP Sediment upon the mild thermal maturation for
hydrogenotrophic methanogens which can reduce CO2 to generate CH4. This could explain the
presence of vast amounts of biogenic gas in deep sediments (Feinstein et al., 2002; Gardosh and
Druckman, 2006; Horsfield et al., 2006) that has sparked renewed interest due to its promising
economic value. The limiting factors, however, rely on the bioavailabilty of these products to
microorganisms in a sedimentary system. Nonetheless, microorgasnims in sediments have been
found to be more abundant near organic matter-rich shales (Stetter et al., 1993; Magot et al., 2000;
Meslé et al., 2013; Horsfield et al., 2006; Parkes et al., 2007). This implies that there must be a
source of labile compounds within recalcitrant shales that attracts microorganisms, and we
demonstrate that this possible source is the result of mild thermal alteration of immature shales.
One way to confirm this theory is to assay primary products of the early maturation of kerogen in
the indegenous consortia of microorganisms present in sediments known for high biogenic
methane production.
6. Conclusions
The use of closed system pyrolysis coupled to Rock-Eval and other bulk kerogen
measurements, allowed us to evaluate the early thermal transformation of three Type II kerogens
that themselves increase in maturity. This closed system artificial maturation in gold tubes,
described previously (Lewan et al., 1997; Behar et al., 2008; Behar et al., 2010), gave us the unique
opportunity to recover and quantify classes of both gaseous and solvent soluble products from lowseverity thermal treatment. Our goal was to define products evolving from kerogen that could
possibly serve as a food source for microorganisms associated with methanogenesis to produce
biogenic natural gas. Recent discoveries of deep biogenic gas (Vu et al., 2013) have indicated that
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finding metabolizable products for organisms operating at sub-Pasteurization temperatures would
explain the occurrence of vast quantities of biogenic gas in many reservoirs. Our studies of the
early thermal alteration of each kerogen gave us the opportunity to derive kinetic parameters for
evolution of the measured products which in turn allowed us to evaluate the significance of these
products over the geological time scale. Rock-Eval and elemental analysis reveal that the selected
kerogens were good candidates for thermal degradation experiments because of their high atomic
H/C and O/C ratios. The maturity differences amongst the three selected kerogens allow the
comparison of their thermal reactivity against their maturity levels.
Mass balances reveal a coherent production of CO2 and asphaltenes as the result of the
early thermal degradation of the immature kerogen occurring at temperatures between 10 oC and
90oC for millions of years on geological time scales. These findings strongly imply that immature
kerogen is significantly affected by thermal alteration at thermal horizons previously considered
as thermally stable regions for kerogens. This leads to the possibility for sedimentary
microorganisms to utilize the thermally released CO2 and asphaltenes via a series of biochemical
reactions such as CO2 reduction and acetoclastic methanogenesis to produce biogenic methane.
The structural characterization and quantification of asphaltenes by ultrahigh resolution mass
spectrometry suggests the propensity for the presence and release of microbially degradable
compounds upon early thermal maturation, namely fatty acids and diacids (Kamga et al., 2014).
Future work will be focused on the structural changes of each kerogen in order to define the
mechanisms of the reactions occurring at early stages.
It is particularly noteworthy to mention that other products considered as indicators of
thermal alteration at higher temperatures, gaseous hydrocarbons, H2S, and maltenes (pentanesoluble hydrocarbons and NSO compounds) are not generated at low thermal severity but appear
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at higher thermal severity. The thermal evolution curves suggest strongly that these are products
of secondary cracking of the asphaltenes produced from primary cracking at low thermal severity,
as has previously been suggested (Behar et al., 2008; Behar et al., 2010). Accordingly, we propose
that thermal maturation of Type II kerogen progresses along a stepwise pathway in which the first
step at early stages of low thermal stress is the release of CO2 and asphaltenes. We envision that
this process involves the rupture of ester-type bonds in the kerogen and concomitant
decarboxylation to produce the CO2. The calculated low activation energies, especially for the
ODP sediment kerogen are consistent with that process and refute the contribution of any adsorbed
compounds as the source of primary products since the activation energies are well above the
energy required to disrupt adsorption interactions. With increasing thermal stress and burial, the
asphaltenes crack to produce maltenes and other hydrocarbons as the residual kerogen continues
to endure further cracking according to previously defined pathways (Behar et al., 2008; Behar et
al., 2010). We believe that our discovery of the early, low-severity pathway has escaped detection
previously because most artificial maturation studies have been focused on hydrocarbon
generation at higher thermal severity, and this process is one we believe to be secondary.
The differences in maturity amongst the initial selected kerogens also confirmed that an
immature kerogen is more thermally reactive than a relatively more mature kerogen. It is of major
necessity to extend these experiments to Type I and Type III kerogens to understand the differences
in early thermal reactivity for each main Type of kerogen present in natural sediments. In a followup study to this present work, we plan to molecularly characterize the polar compounds liberated
within asphaltenes and maltenes in order to assess their potential susceptibility towards biological
reactions in deep sediments. And, to better understand the complete evolution of a sedimentary
basin, equations accounting for thermal degradation must include these early stages of thermal
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alteration as it shows to play an important role during the production of biogenic methane in natural
sediments.
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CHAPTER IV
ASPHALTENES GENERATED FROM LOW-TEMPERATURE CRACKING OF TYPE
II KEROGEN: MOLECULAR CHARACTERIZATION BY NEGATIVE ESI-FTICRMS
AND KINETIC PARAMETERS

Preface
The majority of the material contained within this chapter will submitted for publication in
Organic Geochemistry.

1. Introduction
Microbial degradation of sedimentary organic matter is responsible for the formation of
marine biogenic gas (CH4) which represents approximately 20% of the world’s known natural gas
resources (Rice and Claypool, 1981). This degradation, also referred to as diagenesis, occurs in
the first hundred meters of marine sediments and is widely accepted to require the presence of
labile compounds accessible to microorganisms. Generally, labile compounds are composed of
amino acids, carbohydrates and lipids which are readily consumed by microorganisms in the top
layers of marine sediments (Hatcher et al., 1982). In general, microorganisms preferentially
consume amino acids, followed by carbohydrates and finally lipids (Kemp and Johnston 1979;
Hatcher et al., 1982; Hedges et al., 1985; Burdige and Martens, 1988; Mopper and Kieber, 1991;
Henrichs, 1992) to leave as a residual refractory kerogen that is recalcitrant to microbial attack.
The presence and turnover rates of readily biodegradable compounds are limited in deeper
sedimentary zones where temperatures are above the survival threshold for most microbial
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populations (Tissot and Welte, 1978, Takai et al., 2008) and biological reworking has rendered the
residual kerogen quite refractory to continued degradation. With increasing burial, the main
parameter affecting this refractory kerogen is the geothermal gradient which changes the kerogen’s
structural identity and eventually promotes hydrocarbon generation as temperatures exceed 90oC
for millions of years (Durand and Monin, 1980; Tissot and Welte, 1978; Burnham and Braun,
1990; Ungerer, 1991; Tegelaar and Noble, 1994; Lewan, 1997; Behar et al., 1997, 2008, 2010).
There is a zone in most sedimentary systems where the readily biodegradable compounds are no
longer available or present in very limited quantities and temperatures are below Pasteurization.
Accordingly, one might expect microorganisms to be active in this zone as long as sufficient food
sources are available. This is especially true for methanogens; their proliferation to produce
biogenic methane is directly related to the supply of appropriate substrates from the organic matter
in this zone. While residual labile organic matter is present, in our most recent work (Kamga et
al., 2016), we have discovered that at sub-Pasteurization temperatures Type II kerogens thermally
generate a significant amount of CO2 and asphaltenes which we think to be potentially
biodegradable.
In the previous section (Chapter III), we artificially matured, via closed system pyrolysis
in gold tubes, three Type II marine kerogens having different levels of thermal maturity as shown
in Figure 10. These kerogens showed similar thermal evolution but with slight shifts which were
in accordance to their levels of maturity. We revealed for the first time that there are 2 distinctive
phases of thermogenic degradation: an early, a rapid low-temperature phase (Phase 1) at
temperatures that represented heating of the sediments below Pasteurization temperatures
(between laboratory pyrolysis conditions of 150⁰C/24h and 225⁰C/24h corresponding to 10 – 75oC
for millions of years in geological settings) and a slower late phase (Phase 2) at conditions above
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Pasteurization in which the secondary cracking products initially are generated. During Phase 1,
the primary cracking products, CO2 and asphaltenes, were the main products until the onset of
Phase 2 where secondary cracking products such as maltenes and lighter gases were liberated. For
Phase 1, a global stoichiometric equation was proposed and extrapolated to geological conditions
(Chapter III). Results showed that the onset of primary cracking reactions for recent Type II
kerogens takes place at temperatures as low as 10⁰C where the maximum yields are achieved at
around 75⁰C (Figure 21). The proportions of CO2 and asphaltenes, generated during Phase 1,
decreased with maturity level of the initial kerogen which was evident when comparing to ODP
Sediment kerogen to the more mature kerogens.

Figure 22. More extensive van Krevelen plot presented in Chapter III depicting the changes in
atomic H/C vs. O/C of the solid residue during the artificial maturation of three kerogens with
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Figure 22. (Continued) different initial maturity (the large filled markers represent the initial
kerogens, the small empty markers represent Phase 1 and the small filled markers represent Phase
2).
Consequently, immature Type II kerogen generates extractable organic compounds as
asphaltenes and we hypothesize that they are composed of molecules more biologically accessible
and degradable than the kerogen itself. The main goal of the present paper is to demonstrate that
specific thermally produced organic compounds which constitute asphaltenes are amenable to
microbial degradation at temperatures below Pasteurization. The analysis of polar complex
mixtures such as asphaltenes, in general, suffers from low volatility, thermal instability, and
ineffective separations and detection by gas chromatography and mass spectrometry (Pelet et al.,
1985; Lehne and Dieckmann, 2007; Behar at al., 2008; Liao et al., 2012). The introduction of
electrospray ionization (ESI) in the 1980s presented a new opportunity for the molecular
characterization of polar, heteroatomic compounds with high boiling points such as heavy
petroleum fractions, maltenes and asphaltenes and large biomolecules (Fenn et al., 1989). ESI
coupled with 12 T (high field) Fourier transform ion cyclotron resonance mass spectrometry (ESIFT-ICR-MS) provides ultra-high resolution required for the characterization of heteroatomic
species in complex mixtures (Kujawinski et al., 2002; Kim et al., 2003; Sleighter and Hatcher,
2008). Kamga et al. (2014) demonstrated that one can utilize ESI-FT-ICR-MS to detect and
determine the concentrations of n-fatty acids present in complex mixtures extracted from thermally
matured kerogen. Thus, the quantitative technique developed by Kamga et al. (2014) and the ultrahigh resolution of ESI-FT-ICR-MS provide powerful tools for research on the molecular
characterization of polar complex mixtures such as asphaltenes and maltenes.
We employ ESI-FT-ICR-MS and the previously proposed quantitative strategy to identify
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free organic compounds released during mild artificial maturation of the kerogens. We focus our
analytical and molecular characterization approach to the “thermo-biodegradable window” or
Phase 1. In addition to monoacids and diacids, we also quantify other dominant families of organic
compounds such as other CHO, CHON and CHOS compounds with specific ionization
assumptions in order to follow their generation over the course of maturation.

2. Sample selection
Recent organic-rich sediments off the coast of Namibia (ODP Sediment, ~ 4 Ma)
and two carbonaceous shales, one from the Russian platform equivalent to the Tithonian Bazhenov
Formation (Bazhenov S.R., ~150 Ma) and one from the Paris Basin equivalent to the Toarcian
Schistes Carton Formation (Toarcian S.R., ~185 Ma) as thoroughly described in Chapter III, were
chosen for the previous study and were carried over to this present study. A preliminary isolation
of the kerogens was performed by removing the mineral portion with non-oxidizing acids under a
nitrogen atmosphere as described by Durand and Nicaise (1980) and slightly modified by Ravin
(2013) for the most immature sediments in order to avoid mineral contamination throughout the
study. It is important to mention that our primary interest lies in the changes taking place within
the kerogen, but we recognize that the presence of mineral matter in sedimentary rocks can catalyze
the transformation of the kerogen depending upon the mineralogy. The effects of catalysis are
beyond the scope of our study as we only focus on what would happen to pure organic matter. The
elemental composition and the Rock-Eval analysis of these isolated kerogens are shown in Table
11 along with the vitrinite reflectance values (Ro) indicating the levels of maturity. The most
immature (Ro = 0.28) kerogen, ODP Sediment, shows high values for H/C, O/C ratios and OI value
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suggesting that it harbors more oxygenated functionalities, consistent with its low maturity. The
content of oxygenated functionalities clearly decreases with the increasing maturity levels of the
initial kerogens. Bazhenov S.R. displays the greatest content of organic sulfur due to its
depositional environment abundant in marine sulfur (Table 11; Riboulleau et al., 2002).
Table 11. Elemental analysis and Rock-Eval measurements of the three initial Type II kerogens.

Kerogen

C

H

O

N

S

Fe

%
ODP
Sediment
Bazhenov
S.R.
Toarcian
S.R.

Total Pyrite
%

Sorg

%

H/C

O/C

Rock –
Eval
mg/g C
HI OI

Atomic
composition

Ro

31.1 3.8 15.1 2.2 16.7 11.0 79.9

23.54

4.08

1.45

0.36

380

91

0.28

59.2 6.4 15.9 0.7 11.7 0.7

94.6

1.44

10.94 1.29

0.20

556

34

0.32

60.6 6.1 8.4

97.3

17.66

3.13

0.10

637

16

0.62

1.4 12.6 8.2

1.20

3. Methods
3.1 Artificial maturation using closed system pyrolysis in gold tubes
To mimic the natural evolution in sedimentary basins, we artificially matured the isolated
kerogens at low temperatures corresponding to geological temperatures below 80oC (for varying
times and temperatures as shown in Table 12.) using closed system pyrolysis in gold tube reactors
as described previously (Behar et al., 2008; Chapter III). The gaseous products were analyzed by
a gas chromatography (Agilent 6890 GC coupled with customized adapters to FID and TCD as
described by Wasson. Following thermal treatment, the gold tubes were opened at room
temperature under atmospheric pressure; the solid residue was then successively extracted using
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n-pentane and dichloromethane (DCM) under reflux at 40oC. The n-pentane soluble polar
compounds also referred to as maltenes are minor products of this artificial maturation and
generally contain hydrocarbons and resins. The DCM-soluble polar compounds that are insoluble
in n-pentane, known as asphaltenes, are major products and by definition contain less than 1%
hydrocarbons and more than 98 % polar nitrogen, sulfur and oxygen (NSO) containing compounds
insoluble in n-pentane.
3.2. Solid state 13C NMR CPMAS spectroscopy on solid residues
Following the solvent extractions, the solid residues of the three kerogens were retrieved
and dried under N2 gas. The 13C NMR spectra of those solid residues including initial kerogens
were obtained using a 400 MHz Bruker AVANCE II spectrometer equipped with a solid state
probe. The spectra were obtained by cross polarization with magic angle spinning (CPMAS).
Around 50 mg of residue was packed into a 4 mm diameter Zirconia rotor with a Kel-F cap and
spun at 13 kHz at the magic angle of 54.7o. The FID was exponentially multiplied and zero-filled
with 4096 data points. CPMAS spectra were obtained as described by Dria et al. (2002). The
carboxyl signal (ca. 176.03 ppm) of glycine was used an external reference. Contact times, using
ramped cross polarization, were optimized to 1.5 ms to obtain the best representation of all signals.
We recognize that CPMAS is not best for quantitative spectra, therefore we used a recentlypublished technique called multiple cross polarization (multi-CP) described by Johnson and
Schmidt-Rohr (2014). This multi-CP technique yields quantitative spectra of organic materials that
are comparable to the commonly-used quantitative method called direct-polarization NMR with a
measuring time reduced by more than a factor of 50. We applied this multi-CP method to the most
immature kerogen (ODP Sediment) to quantitatively study the functional group changes during
the early thermal maturation.
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3.3. ESI-FT-ICR-MS analysis
3.3.1. Qualitative characterization of asphaltenes
Each of the asphaltene and maltene fractions was dissolved in Tetrahydrofuran (THF) to
yield iso-concentrated solutions of 1 mg/ml for mass spectral analysis. A total of 50 µl of each of
these solutions was diluted with 1 ml of THF: MeOH (2% NH4OH) (v:v, analytical reagent grade
solvents). The MS analysis was performed using a Bruker Daltonics (Bremen, Germany) 12 Tesla
Apex Qe FT-ICR-MS coupled to Apollo II ESI. Around 80 µl of each final solution was infused
into an ESI source in the negative ion mode by a syringe pump assisted by nitrogen needle-gas at
a flow rate of 120 µl/h. The operating conditions for negative ion formation consisted of a -4.0 kV
emitter voltage, -4.5 kV capillary column induction voltage and -320 V capillary column end
voltage. Ions were accumulated in a hexapole (hexapole 1) for 0.1 s and a delay was set to 1.0 ms
to transfer ions from hexapole 2 to the ICR cell by electrostatic focusing. The mass range was set
at m/z 200 – 1000 and the data size was set at 4 M words. The time domain data sets of 200
acquisitions were co-added. Following the ESI-FT-ICR-MS analysis of each polar solution, an
aliquot of the internal standard was added to those prepared solutions which were then analyzed
again with ESI-FT-ICR-MS purely for quantitative purposes. Precisely, 30 µl of 16.7 ng/µl n-C20
monoacid standard and 30 µl of 16.7 ng/µl n-C16 diacid standard were added to each solution.
3.3.2. Mass Calibration and data analysis
Prior to data analysis of each broadband mass spectrum, a polyethylene glycol standard
and naturally present fatty acids were used to externally and internally calibrate the mass scale of
the instrument. A molecular formula calculator (Molecular formula Calc ver. 1.0 NHMFL, 1998)
was used to generate empirical formula matches from m/z values of peaks with a signal to noise
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ratio above 4 using carbon, hydrogen, oxygen, nitrogen and sulfur. The assigned formulae in the
vast majority of cases agreed within an error value of less than 0.5 ppm. Data analysis consisted
on transferring these generated formulae to an excel file and sorting out main families of
compounds present in the mixtures.
3.3.3. Quantitative analysis of polar compounds detected by ESI-FT-ICR-MS
We used the method developed by Kamga et al. (2014) to quantify the free fatty acids and
diacids present in each asphaltene fraction. We have previously demonstrated that the response
factor of polar compounds in ESI-FT-ICR-MS depends solely on 2 main factors: the chain length
of each compound and its chemical functionality which dictates each molecule’s specific
ionization power. This approach has been slightly adapted for the purpose of this study. It consists
of using a standard addition methodology with a known concentration of free n-fatty acids and ndiacids. We used the long chain fatty monoacid n-C20 and the long chain diacids n-C16 as our added
standards. And to correct for the variation in chain length response factor of monoacidic
compounds (O2-3), we used the response factor of 5 n-acids standards with different chain length
(n-C15, n-C19, n-C24, n-C26 and n-C30) to extrapolate the response factor of any chain length n-acid
that we applied for all the molecules bearing an acid functionality (COOH), known to be easily
ionizable in negative mode. Similarly for diacidic compounds (O4+), we used the response factor
of two commercially available n-diacid standards, n-C14 and n-C16. To account for the naturally
present n-fatty acid C20 in the solution, the analysis prior to standard addition was used to determine
the ratios between n-C19, n-C20, n-C21 and n-C22 peak magnitudes. This allowed the calculation of
the increase in magnitude caused by the added standard n-C20. Similarly, this was also applied for
the naturally present n-C16 diacid. Each solution was shaken vigorously on a vortex mixer and
infused in the ESI source of the instrument. The concentrations of the n-fatty acids were evaluated
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using the response factors for individual fatty acids and the internal standard methodology as
described by Kamga et al. (2014). In Table 13, the modified method to quantify the polar
compounds detected in negative mode with ESI-FT-ICR-MS is displayed and applied to the main
three families of compounds (more than 95% of overall peak magnitudes). Due to the lack of
representative standards for each sub-family of compounds, we assigned specific sub-family of
compounds to our two available standards, monoacid and diacids. For example, all CHO
compounds with 2 or 3 oxygen atoms were considered to have ionization responses similar to our
monoacid standards and only differing by carbon number which was also applied for each subfamily. We made that assumption because CHO compounds with 3 oxygens are mainly composed
of one carboxylic and alcohol/ether/aldehyde/ketone functionalities in which only the carboxylic
has the greatest ionization power. Similarly, for CHO compounds with 4 or more oxygen atoms,
we assume that their main ionization arise from their diacid functionality. Accordingly, these
assumptions were carried onto the CHOS and CHON families because S- and N-functional groups
have a very low ionization power compared to monoacids and diacids.

105

Table 12. Modified quantification method based on the functional groups and number of carbon
atoms
Family

Sub-family

Method employed

CcHhO2-3

Monoacids and response factor corrected for # of C

CcHhO4+

Diacids and response factor corrected for # of C

CcHhO2-3Ss

Monoacids and response factor corrected for # of C

CcHhO4+Ss

Diacids and response factor corrected for # of C

CcHhO2-3Nn

Monoacids and response factor corrected for # of C

CcHhO4+Nn

Diacids and response factor corrected for # of C

CHO

CHOS

CHON

One important parameter was used to differentiate the type of compounds present
in each family. We choose Double-Bond Equivalence (DBE, see Scheme 1) of detected
compounds to understand and compare the evolution of the complexity of compounds liberated.
Interestingly, DBE values give an important insight in predicting structural information of
molecules detected. DBE represents the number of unsaturation or cyclic structure present in a
molecule. Indeed, with DBE values and the molecular formula, one can predict either the
aliphaticity or aromaticity of compounds also depending on the functional groups present. In Table
3, we display examples of structures proposed based on DBE values and molecular formulae for
the most abundant families of compounds. The dominant functional group we expect is the
carbonyl group harbored by long chain fatty acids and alicyclic acids because of its high ionization
power via electrospray ionization. DBE value of 1 represents either one double-bond or one cyclic
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structure in the molecule. DBE value of 2 displays either two double – bond, or one triple bond or
two cyclic structure within the molecule of interest. The greater the DBE the more complex and
aromatic the molecule is.
Scheme 1: 𝐷𝐵𝐸 =

2C−H−X+N+2
2

where C represents the number of Carbon atoms, H the

number of Hydrogen atoms, X the number of Halogen atoms and N the number of Nitrogen atoms.
Table 13. Proposed examples of molecular structures based on DBE and molecular formulae.

3.3.4. Kinetic modeling for the generation of polar compounds
To determine the bulk kinetic parameters for the generation of polar compounds, it is
assumed that thermally unstable chemical classes decompose through first-order processes and
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rate constants depending on temperature according to the Arrhenius law. The Arrhenius factor A
was chosen with respect to the bulk kinetics parameters for the generation of asphaltenes developed
in an early study (Chapter III). Other parameters (Ea and stoichiometric coefficients) were
numerically calibrated according to the quantification of polar compounds released during Phase
1. Optimization was achieved with Geokin compositional software, an IFPen kinetic simulator that
allows rate parameters to be adjusted by finding the minimum of an error function, F,
corresponding to the sum of the squared differences between measured and computed amounts.
The minimization of F was performed using a modified Levenberg-Marquart algorithm
constrained by mass conservation: the sum of stoichiometric coefficients for each reaction must
equal 100%.

4. Results and discussion
4.1 Bulk characteristics of maturation products
Mass balances of all products (gaseous, liquid and solid) yielded close to 100% as shown
in our previous study (Table 7 – 9, Chapter III). The yields of asphaltenes and maltenes are
displayed in Table 14 for each of the various temperature/time experiments associated with the
artificial maturation. Phase 1 is divided into 2 sub-phases: Phase 1a and Phase 1b. Phase 1a ranges
from 150⁰C/24h to 200⁰C/9h and displays a very rapid generation of asphaltenes reaching yields
of 8.9% TOC for ODP Sediment, 7.2% TOC for Bazhenov S.R. and 3.0% TOC for Toarcian S.R.
kerogen. Phase 1a also shows that the maltenes have a low and constant yield indicating minor
production. Phase 1b ranges from 200⁰C/24h to 225⁰C/24h and shows a continuing increase of
predominantly asphaltenes combined with a slight but steadily increasing yield of maltenes. These
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maltenes do not exceed yields of 23 mg/g TOC (2.3% TOC) and do not follow the asphaltene
generation trend. This increased yield of maltenes may arise from two phenomena: 1. the direct
release of maltenes from the primary cracking of the kerogen matrix and/or 2. the early onset of
secondary cracking of asphaltenes that is very limited. Indeed, a maximum of 15 mg/g TOC of
maltenes are generated during Phase 1.b while 140 mg/g TOC of asphaltenes are released in the
system for ODP Sediment. For Bazhenov S.R., only 5 mg/g of maltenes are generated versus 128
mg/g of asphaltenes produced. Thus, Phase 1 is characterized by a major generation of asphaltenes
and a minor generation of maltenes. However, for structural and quantitative characterization, it is
necessary to investigate both asphaltenes and maltenes produced in Phase 1 because polar
molecules potentially biodegradable such as monoacids, diacids and alcohols are readily soluble
in both solvents with an actual preference for n-pentane. Therefore, based on its relative abundance
of biodegradable molecules, excluding maltenes as contributors to Phase 1 would lead to a
systematic underestimation during the quantification of those biodegradable molecules.
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Table 14. Asphaltenes and maltenes yields during the artificial maturation of the three isolated

Phase 2

b

Phase 1

a

Type II kerogens based on mass balances.

Temp. Time
h
⁰C
150
24
150
72
175
24
175
72
200
3
200
9

Toarcian
S.R
TR (%)
0.00
0.00
0.00
0.00
0.00
0.00

ODP Sediment

Bazhenov S.R.

Toarcian S.R.

Asph.
Malt.
mg/g TOC
47.1
5.1
60.9
6.4
70.7
7.1
82.5
7.4
74.4
7.4
89.2
7.7

Asph.
Malt.
mg/g TOC
14.1
0.5
21.1
1.9
42.4
3.7
61.9
5.1
72.1
5.8

Asph.
Malt.
mg/g TOC
24.3
0.4
35.3
3.6
29.9
2.3

200
200
225
225
225

24
72
3
9
24

0.01
0.04
0.02
0.05
0.13

104.0
125.3
91.5
135.4
141.8

9.4
14.8
7.9
15.2
22.6

89.8
109.0
119.5
128.1

7.6
9.5
9.8
10.4

37.6
40.4
45.3
62.2

4.6
7.6
7.9
8.3

225
250
275
300
325

72
24
24
24
24

0.26
1.08
5.33
19.69
53.97

157.9
164.3
192.9
201.0
185.2

23.9
24.2
51.5
107.4
80.8

157.5
184.9
211.1
261.2
255.7

11.8
28.8
106.3
158.7
220.0

71.8
84.7
135.5
198.6
211.2

12.7
11.1
34.4
94.4
117.6

4.2. Structural analysis of solid residues throughout the maturation: Multisequence

13

C

CPMAS NMR
Upon extraction of asphaltenes and maltenes, the solid residues were analyzed by CPMAS
13

C NMR spectroscopy and the functional changes are shown in Figure 23. The main

functionalities were distinguished by chemical shift zones from zone I to V. ODP Sediment and
Bazhenov S.R. kerogens show the greatest transformation because they both possesses the most
oxygenated functional groups in zone II prior to the artificial maturation. The thermal cracking

110

trend for both kerogens is almost identical and initiates with a defunctionalization which is
represented in NMR spectra by a decrease in band areas with increasing maturation. The major
functional group lost during this stage of the maturation is the zone II resonance representing
ether/ester/alcohol/thiol functionalities (60 – 90 ppm). Furthermore, the original kerogen also loses
the carboxylic/ester/amide (zone IV, 160 – 190 ppm) and the ketone/aldehyde (zone V, 190 – 230
ppm) groups, while the aromatic functionality in zone III increases relatively in the remaining
kerogen. The spectra were all normalized to the aromatic bands in zone III between 100 – 160 ppm
because the kerogen retains its nearly unchanged aromatic peak at 130 ppm throughout Phase I.
This normalization was key in order to determine the changes in oxygenated moieties and the
relative aliphaticity of the residual kerogens. A rapid decrease in the ether/ester/alcohol/thiol
groups in zone II is observed and is strictly equivalent to the rapid production of CO2 discussed in
previous work (Chapter III). The production of CO2 can also be linked to the decarboxylation of
functional groups such as carboxylic acid/ester groups in zone IV because the energy level required
is achieved at those thermodynamic conditions. This 1st stage maturation of the kerogen mainly
involved the cracking of oxygenated bonds within the kerogen matrix to produce CO2 and
asphaltenes. Behar et al. (2010) have shown that asphaltenes, beyond Phase I (during the 2nd and
3rd stages), are cracked into resins and these latter are further cracked to yield hydrocarbons.
Consequently, asphaltenes are generated as a result of the cleavage of oxygenated bridges in the
kerogen matrix and become intermediate products during hydrocarbon generation. Indeed, the
greater the decrease of the ether/alcohol/ester and carboxyl/ester bands in zone II between 60 – 90
ppm and zone IV between 160 – 190 ppm, the higher the yields of asphaltenes and CO2. Toarcian
S.R., being more advanced in maturity, confirms our theory because it lacks bands at those two
oxygenated chemical shift intervals in zone II and IV and Toarcian S.R. kerogen yielded very low
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amounts of asphaltenes and CO2. In Figure 23, all three kerogens display a significant decrease in
aliphatic moieties which implies that the liquid extracts (asphaltenes and maltenes) are mainly
composed of aliphatic molecules liberated by the kerogen during Phase I. We can conclude that
the initial maturity of the kerogen dictates the yield of its thermally-generated aliphatic oxygenated
products recovered in asphaltenes and maltenes. Moreover, the structural changes in the solid
residues of kerogens provide hints on the dominant functional groups present in asphaltenes. We
expect a predominance in oxygenated products with great aliphaticity character in asphaltenes such
as long chain carboxylic compounds.
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Figure 23. Multisequence CPMAS

13

C NMR analysis of ODP Sediment kerogen, and normal
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Figure 23. (Continued) CPMAS

13

C NMR analyses of Bazhenov S.R and Toarcian S.R. solid

residues prior and during the artificial maturations. Spectra are normalized to the aromatic band at
130ppm to compare the variation in oxygenated and aliphatic bands. Functional groups were
separated in zones: zone I for aliphatic groups, zone II for ether/ester/alcohol/thiol functionalities,
zone III for aromatic functionalities, zone IV for carboxylic/ester groups and zone V for
ketone/aldehyde groups.

4.3. Quantification of polar compounds in Phase I using ESI-FT-ICR-MS
A modified quantification methodology was applied to asphaltene and maltene fractions
generated during Phase I of the artificial maturation of the three selected kerogens. Negative ion
mode was chosen because most molecules susceptible to microbial degradation are oxygenated
compounds which are easily ionizable in negative mode due to the presence of one or several
carboxyl functional groups.
Amongst the detected compounds, three dominant families were recognized: CHO, CHON
and CHOS (greater than 95% in peak magnitude and peak numbers). Two other families of
compounds, CHS and CHN, represented less than 5% remaining of peak abundances and therefore
were omitted in our quantification approach. Using constraints brought forward in Table 12, the
quantification methodology was then applied to the three most prevalent families of compounds
and results are shown in Table 15 – 17 in the supplemental information.
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Table 15 shows that the total yields of quantified CHO, CHON and CHOS compounds for
ODP Sediment at the end of Phase I represent up to 65% of the total solvent extracts (asphaltenes
+ maltenes). This percentage increases with the maturation which is partly explained by the
increase in maltenes known for containing more of the highly ionizable NSOs (Salmon et al., 2011)
and also by the direct changes in asphaltenes yields as they are further generated. Furthermore, at
225C/24h, both the total extract and the total detected polar compounds are more abundant for
ODP Sediment than Toarcian S.R. simply because those compounds are lacking in Toarcian S.R
since they have already been removed from its matrix as it is a more matured kerogen. The
quantification of up to 65% validates our quantitative approach because these absolute values are
below the total yields of the solvent extracts. However, the remaining 35% can be explained based
on several key points.
A wide variety of compounds does not ionize efficiently in negative mode such as amides,
hydrocarbons (saturated, cyclic or aromatics) and thiophenic compounds. Previous studies have
shown that amides are easily biodegradable and do not persist in the sediments (Hatcher et al.,
2014); therefore amides will be scarce in the solvent extracts upon maturation. Moreover,
hydrocarbons (saturated and aromatics) and thiophenic compounds are not recovered in the
asphaltenes but in the maltenes instead which are minor products during phase I. Previous works
have shown that at temperatures equivalent to Phase I.b, maltenes are dominated by polar
compounds with a minor contribution of hydrocarbons and thiophenic compounds (Behar et al.,
2008, Behar et. al., 2010).
Beyond the ionization efficiency, some molecules able to ionize are not detected because
their corresponding m/z values fall outside of our working mass range (m/z 200 – 1200). The
heaviest molecules detected do not exceed m/z 750 corresponding to the monoacid C51H104O2 (m/z
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747.) and previous work using similar conditions with different complex samples such as Dismal
Swamp dissolved organic matter which shows molecules with masses exceeding m/z 1000
(Sleighter et al., 2008). This suggests that polar compounds with m/z greater than m/z 750 are
scarce in asphaltenes and maltenes.
For polar compounds with low m/z (below m/z 200), corresponding to monoacids with
carbon numbers less than 12, it is important to consider these light compounds to be present in
asphaltenes and maltenes. Based on previous work (Kamga et al., 2014), monoacid n-C15 has a
response factor 30 times less than n-C30. Applying the response factors of monoacid standards with
different chain length shifts the weight of abundance towards the low molecular weight monoacids.
This suggests that monoacids with short chains display a weaker response and are not detected by
our instrument. Thus, they will be under-represented in our quantitative measurements based on
mass spectral abundance. Moreover, our solvent evaporation step in our procedure was done near
40°C which is very low compared to the boiling point of monoacid as light as n-C8 (BP = 239.7
°C); therefore, experimentally we do not lose light polar compounds with a molecular weight as
low as monoacid n-C8. Overall, the light polar compounds highly contribute to the 35% difference
between the MS-quantified polar compounds and the total asphaltenes + maltenes.
As shown in Table 15 – 17, for ODP Sediment, at the end of Phase I, the total polar
compounds account for 102 mg/g TOC in which CHO compounds largely dominate with a total
yield of 56 mg/g TOC but with a significant contribution of CHOS compounds with 32 mg/g TOC.
It is worth mentioning that the percent yields of the three families CHO, CHOS and CHON
increase steadily from 6% to 32% of the kerogen representing 40% to 65% of the total asphaltenes
and maltenes; this increasing trend is also observed for Bazhenov S.R. and Toarcian S.R. kerogens.
At the end of Phase I, Bazhenov S.R. kerogen generates 84 mg/g TOC of polar compounds with

119

CHOS as its most dominant family accounting for 42 mg/g TOC followed by CHO compounds
with 30 mg/g TOC. The high sulfur content in Bazhenov S.R. explains the greater yields in CHOS
compounds compared to CHO compounds but the total amount of polar compounds generated by
ODP Sediment and by Bazhenov S.R. kerogen are close to each other. This must be attributed to
their different environmental deposition and preservation because there is a large sedimentation
(age) gap between ODP Sediment (4 Ma) and Bazhenov S.R. (150 Ma). This confirms that while
comparing different source rocks, one must account for their different depositional settings. One
thing that is certain is within the similar sedimentary column, thermally-liberated polar compounds
decrease with the maturation. Indeed, Toarcian S.R., the most naturally matured of these kerogens,
generates 15 mg/g TOC of polar compounds, the lowest yield of the three kerogens. Polar
compounds generated from Toarcian S.R. kerogen only represent up to 20% of the total
asphaltenes and maltenes; this suggests that more complex entities (aromatic-like) are generated
and could not be MS-quantified properly. The CHO family also displays the highest contribution
for Toarcian S.R. polar compounds with 10.5 mg/g TOC which represents about 70% of the polar
compounds. The absolute yields (asphaltenes, maltenes and polar compounds) of Toarcian S.R.
kerogen are inexistent compared to both ODP Sediment and Bazhenov S.R. kerogens; this lead us
to focus our attention to the two latter kerogens in order to define acceptable kinetic schemes.
Figure 24 shows the evolution of the quantified polar compounds generated during the
maturation of ODP Sediment and Bazhenov S.R. compared to their total gravimetric yields of
asphaltenes and maltenes. The generation of each polar family seems to follow the trend of
asphaltenes and maltenes only differing in absolute maxima. The quantitative analysis of the three
main families of polar compounds, CHO, CHON and CHOS for ODP Sediment and Bazhenov
S.R. displayed in Figure 24a and 24b, indicates that they follow an overall similar increasing
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tendency during Phase 1 except that the absolute quantities of CHO compounds are dominant for
ODP Sediment while CHOS compounds are dominant for Bazhenov S.R. This is simply due to
the high organic sulfur content (Sorg = 10.94%) in the originally-isolated Bazhenov S.R. kerogen
compared to Sorg = 4.08% for ODP Sediment. The CHON family displays the lowest absolute
yields for both ODP Sediment and Bazhenov S.R. kerogens which could be due to the low nitrogen
content in original kerogens and their relatively low ionization power compared to CHO
compounds. The yields of the three main families are summed and compared to the total
gravimetric asphaltene and maltene yields as shown in Figure 24c and 24d. Even though the total
yield of MS-quantified polar compounds (CHO + CHON + CHOS) seems to be slightly lower at
the beginning of the maturation, it displays similar trends as the generation of the total asphaltenes
and maltenes. This suggests that the cracking equations for both processes must be very similar
and only differ by stoichiometric coefficients which can be adjusted with respect to the maximum
yields. Consequently, it is acceptable to derive cracking equations for the generation of the
summed polar compounds based on the previously-determined equations for the generation of
asphaltenes in our previous study. We previously defined the kinetic schemes and parameters for
the generation of asphaltenes and CO2 (Chapter III). Here, since we have similar trends for
generation of MS-quantified polar compounds, we propose to use the similar 1st order reaction and
Arrhenius factor (Log A = 13.1) in order to optimize the bulk kinetic parameters for the release of
MS-quantified polar compounds.
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Figure 24. Polar compounds yields compared to the total extracts of asphaltenes and maltenes
during Phase I for ODP Sediment and Bazhenov S.R. kerogens against a transformation ratio (TR)
that is based on maturation progression of the Toarcian S.R.: a) CHO, CHON, CHOS and Total
(asphaltene + maltene yields) for ODP Sediment kerogen, b) CHO, CHON, CHOS and Total
(asphaltene + maltene yields) for Bazhenov S.R. kerogen, c) Sum of CHO, CHON and CHOS
compared to Total (gravimetric asphaltenes + maltenes) for ODP Sediment kerogen, d) Sum of
CHO, CHON and CHOS compared to Total (gravimetric asphaltenes + maltenes) for Bazhenov
S.R. kerogen.
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4.4. Bulk kinetic parameters for the generation of polar compounds
The comparison of the bulk kinetic parameters is shown in Table 18. We compare the bulk
kinetic parameters for the co-generation of asphaltenes and CO2 to both the co-generation of
asphaltenes and maltenes and the generation of the total polar compounds. The error functions for
deriving the kinetic parameters of the generation of MS-quantified polar compounds are in the
same order of magnitude as for the co-generation of asphaltenes and CO2 (Chapter III).
Table 18. Activation energy distribution for the kinetic schemes based on the yields of asphaltenes
+ maltenes and polar compounds (CHO + CHON + CHOS) during the 1st phase of maturation for
ODP Sediment and Bazhenov S.R. kerogens. Pi represents the population relative density or
percentage per energy of activation. For this simulation, Log A value of 13.1 was applied for these
kerogens as discussed in Chapter III.
ODP Sediment
Asph.
Ea
&
(kcal/mole) CO2*
kcal/mole

Bazhenov S.R.

Asph.
Asph.
CHONS &
+ Malt. cmpds. CO2*
Pi (%)

Asph. +
Malt.
Pi (%)

CHONS
cmpds.

30

0.0

0.0

0.0

0.0

0.0

0.0

32

0.0

0.0

0.0

1.8

0.0

0.0

34

35.6

31.3

19.4

5.0

3.6

9.2

36

9.7

9.5

5.9

11.4

16.5

1.2

38

18.7

19.6

0.0

43.3

39.2

25.9

40

36.0

39.6

66.2

38.5

40.7

63.7

42

0.0

0.0

8.5

0.0

0.0

0.0

44

0.0

0.0

0.0

0.0

0.0

0.0

46

0.0

0.0

0.0

0.0

0.0

0.0

48

0.0

0.0

0.0

0.0

0.0

0.0

*optimization for the co-generation of asphaltenes and CO2 derived and discussed
previously in Chapter III.
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For ODP Sediment kerogen, the distributions of activation energies for both the cogeneration of asphaltenes and CO2 and the co-generation of asphaltenes and maltenes are almost
identical and display a bimodal distribution centered on two intervals: 34 – 36 kcal/mole and 38 –
40 kcal/mole. For the total MS-quantified polar compounds, the activation energy distribution also
displays a bimodal characteristic with a slight shift towards higher energies centered on two
intervals: 34 – 36 kcal/mole and 40 – 42 kcal/mole. The interval 38 – 40 kcal/mole displays greater
population density for polar compounds than for asphaltenes and CO2. This suggests that thermal
cracking of bonds with higher energies of activation within this early transformation window is
responsible for the generation of MS-quantified polar compounds. Figure 25 shows an almostperfect match between the computed values of the sum of asphaltenes and maltenes based on the
derived kinetic parameters and the measured values with a R2 value of 0.991. Likewise, the
computed and measured values for the total polar compounds display a R2 value also close to 1.
For Bazhenov S.R. kerogen, the distribution of the activation energies displays a unimodal
representation for both the sum of asphaltenes and maltenes and the generation of total polar
compounds. Indeed, here, the sum of asphaltenes and maltenes displays an almost-identical
distribution as the co-generation of asphaltenes and CO2 which are centered on the 32 – 40
kcal/mole interval with the two highest populated energies at 38 and 40 kcal/mole. The polar
compounds display a similar energy distribution except that the two highest populated energies,
38 and 40 kcal/mole, are not equally populated. The highest energy, 40 kcal/mole, displays the
greatest population density with 63.7%. For both asphaltenes and polar compounds, there is a loss
in low energy bonds due to their generation in the sediments as indicated by the presence of those
low energy bonds for ODP Sediment. Therefore, these molecules with low-energy bonds have
already been generated by Bazhenov S.R. during its natural evolution prior sampling for this study.
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This could also explains the slight differences between total polar compounds between ODP
Sediment and Bazhenov S.R. kerogen at very low temperatures. In Figure 25, the computed values
of the sum of asphaltenes and maltenes also display a R2 value of 0.997 with the measured values.
Similarly, the computed and measured polar compounds also display a R2 value of 0.995.

Figure 25. Computed yields based on the bulk kinetics optimization in Table 18 against measured
yields of the total asphaltenes/maltenes and the polar compounds released during the early
maturation of ODP Sediment and Bazhenov S.R. kerogens.
Now that the bulk kinetic parameters are determined, it is important to structurally
characterize the 65% of polar extracts detectable to the molecular level for the assessment of
potential microbial degradation. The bulk kinetic parameters derived above were optimized for the
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total generation of polar compounds covering every family of compounds. We saw the necessity
to optimize bulk kinetic parameters for the generation of CHO compounds because they are
dominant products early during the artificial maturation. In fact, CHO compounds with DBE
values lower than or equal to 4, representing saturated and unsaturated monoacids and diacids, are
the most dominant polar products throughout the entire maturation. Within CHO family, the
compounds with even-numbered carbons display a large predominance over the ones with oddnumbered carbon. Consequently, to understand the implications of this early generation, we derive
and compare the bulk kinetic parameters for both the generation of CHO compounds with even
carbon number and the generation of those with odd carbon number using the same Arrhenius
factor as above (log A = 13.1) as displayed in Table 19 (R2 values are above 0.970).
Table 19. Optimization of even-numbered carbon and odd-numbered carbon CHO compounds
with DBE lower than or equal to 4 generated during Phase I of ODP Sediment kerogen.

The total yields in Table 20 shows that CHO compounds with even-numbered carbons are
liberated about three times as much as those with odd-numbered carbons throughout Phase I.
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Moreover, their distributions are well-populated at the lowest energies 30 – 34 kcal/mole with a
total of 39.4% for even numbered carbons and 26.9% for odd-numbered carbons. This indicates
that these compounds are primary products generated with a clear predominance of evennumbered carbons with kinetic parameters corresponding to geological temperatures of (20°C) for
a short residence time (Ma). We also attribute the dominance of even-numbered carbon CHO
compounds at those depths to biological sources. Now for the first time, we document the mild
thermal alteration of immature marine kerogen occurring at temperatures as low as 20°C leading
to a significant liberation of CHO compounds with high carbon number and we come up with two
main conclusions: i) these CHOs are highly dominated by even-numbered carbons which are
associated with biological sources along with a smaller production of the odd-numbered carbon
CHO compounds associated to non-biological sources, ii) these even-numbered carbon CHO
compounds will be degrade first because they are greatly preferred by microorganisms during
methanogenesis as long as other limiting factors are satisfied such as the presence of a consortium
of microorganisms including methanogens, adequate interstitial space-water, electron donor
agents and other nutrients (nitrogen-containing compounds). Indeed, with such low energies of
activation, the chemical linkages responsible for the thermal generation of CHO compounds are
cleaved very early in the sediments where temperatures ranges in which microorganisms thrive
(Parkes et al., 1994; Horsfield et al., 2006). These findings change the global view of organic
matter fate in marine sediments and shed the light on new possibilities for what can drive deep
methanogenesis and explain the occurrence of huge reservoirs of biogenic gas.
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Table 20. Yields of even-numbered carbon and odd-numbered carbon CHO compounds during
Phase I of the maturation of ODP Sediment kerogen.

4.5. Structural analysis of the maturation products of ODP Sediment and Bazhenov S.R.
kerogens: asphaltenes and maltenes
Ultrahigh resolution ESI-FT-ICR-MS allows the molecular analysis of the polar extracts
and provides unique information on their molecular composition and evolution during Phase 1 of
maturation of ODP Sediment and Bazhenov S.R. kerogens. As explained in the methods section,
despite the fact that maltenes were extracted prior to asphaltenes, the great molecular affinity and
abundance of highly polar compounds to DCM explain why asphaltene yields are greater than
those of maltenes. Moreover, due to the presence of ionizable compounds in both solvents, such
as long chain fatty acids, we compiled the molecular characteristics of negatively-ionizable
compounds in asphaltenes and maltenes and summed their absolute yields. We focus on the three
main families of compounds detected (sum > 95% of total peak intensity): CHO, CHOS and
CHON compounds. The remaining 5% is represented by CHN, CHS and CHONS compounds.
The most dominant family is the CHO family representing up to 60% of the total peak intensity
and consists of three major sub-families: CHO2, CHO3 and CHO4.
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Table 21. Relative number of assigned peaks for each family of compounds throughout Phase I.
ODP Sediment

Bazhenov S.R.

Conditions

CHO

CHOS

CHON

CHS

CHN

Other*

CHO

CHOS

CHON

CHS

CHN

Other*

Temp/time

%

%

%

%

%

%

%

%

%

%

%

%

150C/24h

40.0

29.1

13.3

6.0

1.3

10.3

38.3

20.2

19.1

2.4

0.4

19.6

175C/24h

33.7

31.4

17.1

6.0

1.4

10.4

40.9

15.0

14.7

3.7

0.9

24.8

200C/24h

25.2

27.5

19.4

6.7

1.8

19.4

25.3

49.7

14.4

2.4

0.1

8.1

225C/24h

25.9

24.6

24.6

7.2

1.9

15.8

26.7

51.4

17.3

1.6

0.1

2.9

*CHS, CHN and CHONS peaks

In Table 21, the relative number of assigned peaks for each major family of polar
compounds is tabulated over the course of Phase I (up to 225C/24h). The trends with increasing
thermal stress indicates that changes in complexity of the ionizable matrices for ODP Sediment
start with a predominance of CHO compounds that is later equalized with CHOS and CHON
compounds. However, Bazhenov S.R. kerogen displays a similar CHO predominance at
150°C/24h, but this quickly gives way to a great dominance of CHOS compounds beyond
200°C/24h due to the high organic sulfur content of the kerogen. This relative number of peaks
only points out the considerable diversity represented by each major family. A more extensive and
quantitative distribution of the total polar compounds is presented in Figures 26 – 30 below. Three
points of Phase I have been selected for ODP Sediment and Bazhenov S.R. kerogens and we create
three-dimensional plots based on both quantitative (absolute yields in mg/g TOC represented by
the thickness of the dots) and qualitative characteristics (Double-Bond Equivalence referred as
DBE versus carbon number) of ESI-FT-ICR-MS data. The thickness of each dot in Figures 26 –
30 represents the absolute quantity in mg/g TOC which has been normalized for every plot to allow
direct comparison.
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CHO structures

For ODP Sediment and Bazhenov S.R. kerogens, CHO compounds with DBE values less
than 4 dominate the CHO family, especially those with DBE values of 1 or 2. The most abundant
sub-families CHO2, CHO3 and CHO4 are represented in Figures 26 and 27. These molecules, based
on their molecular formulae and due to their high ionization power, correspond to saturated and
monounsaturated long chain monoacids including monocyclic with a long chain acidic branch
commonly abundant in the cyclic saturate fraction of oils and diacids (Salmon et al., 2011) with
carbon numbers ranging from 15 to 47. During Phase I, the CHO compounds display an interesting
evolution which gives clues on the structural changes occurring in the solid residual matrix such
as the premature generation of compounds with low DBE followed by the generation of
compounds with greater DBE (more complex molecules).
o CHO2 compounds
The CHO2 compounds are highly dominated by long chain monoacids with DBE of 1 and
2 dominated by C16 and C18 fatty acids along compounds with longer chains (carbon number
ranging between 22 and 36 carbon atoms) as displayed in Figure 26. These monoacids are released
by the thermal cleavage of the weakest bonds in the kerogen matrix as illustrated in the NMR
results in Figure 23. The complexity of CHO2 compounds increase with maturation with the late
generation of compounds with higher DBE values between 2 and 8 corresponding to
polyunsaturated or polycyclic (DBE ≥ 2) and aromatic (DBE ≥ 4) monoacids. ODP Sediment
kerogen displays a greater yield of CHO compounds compared to Bazhenov S.R. kerogen. CHO2
compounds generated by ODP Sediment at 150oC/24h are mainly dominated by compounds with
DBE = 1 representing long chain (saturated) monoacids while Bazhenov S.R. yields less CHO2
compounds with DBE = 1 or 2 equally distributed. At 200oC/24h, CHO2 with DBE values between
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4 and 12 are generated and add to the complexity of the CHO2 sub-family. This is not dominant
with ODP Sediment but more obvious with Bazhenov S.R. because mainly the genetic identity of
the kerogen dictates the quality of the thermal products. This suggests that there is a threshold that
exists during the thermal cracking of kerogen responsible for the generation of highly unsaturated
or polycyclic compounds if present in the initial kerogen matrix. This threshold is easily observed
with Bazhenov S.R. kerogen and provides a wider variety of compounds released upon mild
maturation of kerogen. At the end of Phase I (225oC/24h), the complexity of the CHO2 compounds
is conserved and the absolute yields increase due to the increase in maturation. For ODP Sediment,
compounds with DBE of 1 and 2 remain dominant while for Bazhenov S.R. kerogen the overall
distribution of CHO2 shows no clear dominance between saturated and mono-unsaturated
monoacids. This shows that Bazhenov S.R. is a more complex kerogen matrix as far as CHO2
family is concerned.
It is important to note that CHO2 compounds with DBE of 1 and 2 are highly dominated
by even numbered carbons which seem to be conserved throughout Phase I. This is more evident
for ODP Sediment because it is less mature and therefore possesses a greater amount of light polar
compounds. We calculate a modified carbon preference index shown below, adequate for the
evaluation of the dominance of even numbered carbon over the odd numbered carbon between C19
and C30. We choose this range because the absolute values of C16 and C18 greatly fluctuate and are
not be representative from sample to sample. For ODP Sediment, the initial CPI value of saturated
monoacids at 150°C/24h is 7.1 and decreases to 4.4 at 225°C/24h while for Bazhenov S.R. the
initial CPI value is 1.7 and it remains steady at 1.7 towards the end of Phase I. The decrease in CPI
for ODP Sediment can be attributed to the early generation of CHO2 compounds with mainly evennumbered carbons and it is slowly diluted via the thermal degradation by release of more odd-
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numbered carbon molecules. The predominance of even-numbered carbons is therefore directly
proportional to the immaturity of the kerogen because the most immature kerogen, ODP Sediment,
generated the highest CPI value at 150°C/24h. Therefore, our proposed CPI formula and approach
can also be used to rank series of fairly immature kerogen samples by level of maturity. One may
consider correlating this even over odd predominance observed for CHO2 compounds to the
maturity of the kerogen. Also this CPI formula can be used to determine the contribution of
biological reactions to any family of compounds liberated during the thermal evolution of a
kerogen. The proposed CPI formula for saturated monoacids is as follows:

𝐶𝑃𝐼 =

(C20 + C22 + C24 + C26 + C28 + C30)
(C19 + C21 + C23 + C25 + C27 + C29)
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Figure 26. Quantitative distribution of CHO2 compounds against DBE values over the Phase I of
artificial maturation for ODP Sediment and Bazhenov S.R. kerogens. The CPI values are
calculated with the aliphatic compounds with Double-Bond Equivalence strictly lower than 4.

o CHO3 compounds
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CHO3 compounds with DBE values of 1 and 2 and some series with DBE greater than 3
are dominant as shown in Figure 27. In general, we characterize CHO3 compounds as long chain
fatty acids harboring an alcohol group attached to the aliphatic backbone. Their concentrations and
complexities increase during Phase I (Figure 27). After 150oC/24h, the chain length of these
compounds extends from C18 to C47 with a clear dominance between C20 and C40. ODP Sediment
yields greater amounts of CHO3 compounds with DBE = 1 and 2 than Bazhenov S.R. kerogen.
Interestingly, Bazhenov S.R. kerogen generates CHO3 compounds dominated by DBE = 2. The
minor distribution of CHO3 compounds with DBE above 3 represents a combination of polycyclic
and naphthenic acids with long chain alcohols attached. The complexity of CHO3 compounds
slightly increases with maturation alongside the generation of those with DBE values between 8
and 12. As illustrated in Figure 22, we can conclude that at the end of Phase I ODP Sediment
kerogen behaves similarly to the initial Bazhenov S.R. kerogen based on its elemental analysis and
its extract complexity. The overall absolute yields of CHO3 compounds also increase with the
maturation. The dominance of CHO3 compounds with DBE of 1 and 2 is conserved for ODP
throughout phase I. Similarly, CHO3 compounds with DBE of 2 remain dominant for Bazhenov
S.R. kerogen. The extended chain lengths and the dominance of low DBEs indicate that CHO3
compounds may be suitable candidates for microbial degradation via acetoclastic methanogenesis
pathway. This family of compounds also displays a clear predominance of even-numbered carbons
over odd-numbered carbon which suggests that these compounds are of biological origin and those
even-numbered CHO3 will be biodegraded first.

134

Figure 27. Quantitative distribution of CHO3 compounds against DBE values over the Phase I of
artificial maturation for ODP Sediment and Bazhenov S.R. kerogens. The CPI values are
calculated with the aliphatic compounds with DBE strictly less than 4.

o CHO4 compounds
CHO4 molecules are considered to mainly represent diacidic compounds but can also be
attributed to monoacidic compounds with two alcohol groups in its core chain. Overall, these
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compounds display DBE values ranging from 1 to 10 with an obvious dominance of compounds
with a DBE value of 2 for ODP Sediment kerogen and also noticeable for Bazhenov S.R. kerogen
at 200°C/24h (Figure 28). These CHO4 compounds probably are dominated by long chain
saturated diacids because they display a dominance of DBE value of 2 while a minority with DBE
of 1 representing saturated monoacidic compounds with two alcohol groups or two methoxylated
groups. The long chain diacids range from C16 to C44 with the highest yields between C22 and C36.
The CHO4 molecules with higher DBEs represent polycyclic or aromatic diacids and are equally
generated for both ODP Sediment and Bazhenov S.R. kerogens. These diacids structurally arise
from the thermal cleavage of ester bonds, ether bridges and disulfide bridges (mainly for Bazhenov
S.R.) within the kerogen matrix. The more complex diacids result from the depolymerization of
the polycyclic portion of the kerogen matrix that possesses several aromatic carboxylic
functionalities. After 200oC/24h, an increase in complexity is observed similar to CHO2 and CHO3
compounds. Saturated long chain diacids are continuously generated with an increase of CHO4
compounds with DBE of 3 at the end of Phase I. Long chain diacids with preferably two terminal
carboxylic groups show a great potential for microbial degradation and therefore must be
considered as an important precursor to biogenic methane.
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Figure 28. Quantitative distribution of CHO4 compounds against DBE values over the Phase I of
artificial maturation for ODP Sediment and Bazhenov S.R. kerogens. The CPI values are
calculated with the aliphatic compounds with DBE strictly less than 4.

o CHOS compounds
Due to their highly diverse distribution compared to CHO compounds, we choose to
regroup all CHOS compounds and discuss their complexity and variations throughout Phase I
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(Figure 29). These compounds display DBE values between 1 and 18. Several series are observed
with low DBE especially the one with DBE of 4: predominantly compounds with 2 oxygen atoms
and 1 sulfur atom and compounds with 3 oxygen atoms and 1 sulfur atom corresponding to
thiophenic acids without and with an alcohol group, respectively. The complexity of CHOS
compounds also increases with the maturation represented by the generation of additional series
at higher DBEs. The great amount of molecules with DBE below 4 indicates a predominantly
aliphatic character which can lead to greater susceptibility to microbial degradation because
microbes fancy aliphatic moieties (Carothers and Kharaka, 1978). Bazhenov S.R. displays a more
complex distribution of CHOS compounds throughout Phase I due to its high initial organic sulfur
content (Riboulleau et al., 2002). This family of compounds does not display a predominance in
even or odd carbon number which suggest that sulfurization reactions do not have a preference
towards biological molecules.
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Figure 29. Quantitative distribution of CHOS compounds against DBE values over the Phase I of
artificial maturation for ODP Sediment and Bazhenov S.R. kerogens. The CPI values are
calculated with the aliphatic compounds with DBE strictly less than 4.

o CHON compounds
Both kerogens generate CHON compounds dominated by low DBEs (between 1 and 8) at
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the onset of Phase I (Figure 30). As the mild maturation of the kerogens progresses, CHON
compounds with higher DBE are generated along with compounds with low DBEs. These CHON
compounds, even though minor, are considered to contain carboxylic and amine/amide
functionalities and may represent proteinaceous moieties (Riboulleau et al., 2002). Moreover, ODP
Sediment generates a greater amount of CHON than Bazhenov S.R. kerogen; due to the higher
%N of ODP Sediment kerogen as shown in Table 11. The carbon numbers of CHON range from
C22 to C42. Beyond 200°C/24h, Bazhenov S.R. kerogen barely generates any CHON compounds
with DBE below 5. This indicates that only very immature kerogens such as ODP Sediment release
CHON compounds with low DBE during their Phase I of maturation. Consequently, these liberated
CHON compounds with low DBE may contribute to the feeding of microbial populations in deep
sediments, providing an abundant supply of N for biological sustenance. Indeed these compounds
can be used as source of nitrogen-containing nutrients for microorganisms involved in
methanogenesis (Bryant et al. 1971; DeMoll 1993). Moreover, the lack of predominance of evenover odd-numbered carbon suggest that nitrogen-incorporation reactions do not involve biological
molecules.
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Figure 30. Quantitative distribution of CHON compounds against DBE values over the Phase I of
artificial maturation for ODP Sediment and Bazhenov S.R. kerogens. No CPI calculated here due
to lack of aliphatic moieties for CHON.

4.5. Correlation between late methanogenesis and early thermal generation of polar
compounds in recent sediments
Previous studies about main interactions between organic matter and microorganisms in
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deep sediments have been focused on two processes: 1) biodegradation of labile compounds
present in the top layers of marine sediments, usually less than the first 100 m, leading to methane
production also called diagenesis and 2) biodegradation of oil in order to increase the cost
efficiency of oil reservoirs (Fafet et al., 2008). Diagenesis has been known to occur in the first
hundreds of meters of sediments where labile compounds are still available to microorganisms
(Tissot and Welte, 1978). However, numerous studies have begun to recognize that
microorganisms can exist at depths beyond the traditional zone of diagenesis and that their
activities must be limited by access to sustenance (Parkes et al., 1994, 2007; Horsfield et al., 2006).
In this intermediate zone where thermophilic organisms can exist, a large part of the organic matter
was considered to be “very recalcitrant” and microorganisms were considered to be restricted in
their ability to decompose it fully. Therefore the organic matter generally remain more or less
unaltered to continue its burial with few biological modifications until it reached a zone, with
higher temperatures (between 125 – 170oC) capable of thermal cracking to generate oil (Tissot and
Welte, 1978). However, current studies have hinted that thermal reactivity of organic matter
between the diagenesis and catagenesis zones could be the main factor responsible for
methanogenesis at extreme depths because it recharges the sediments with newly produced polar
compounds capable of fueling microbial activity (Parkes et al., 1994, 2007; Horsfield et al., 2006).
An important limiting factor is the presence and survival of methanogens at great depth
and temperature. Growth, survival, and methane production of an isolated hyperthermophilic
methanogen strain under high temperatures and hydrostatic pressures showed a potential for their
growth at temperatures as elevated as 122oC at in situ hydrostatic pressures (Takai et al., 2011).
Current studies have shown that the degradation of crude-oil hydrocarbons under methanogenic
conditions in the laboratory mimics the characteristic sequential removal of compound classes seen
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in reservoir-degraded petroleum; with an initial preferential removal of n-alkanes responsible for
close to stoichiometric amounts of methane, principally by hydrogenotrophic methanogenesis
(Jones et al. 2008). These studies cover the oil window and post-oil window which are very
advanced stages of maturation.

5. Conclusions
The aim of this study was to characterize and define the kinetics parameters for the
generation of thermally-degraded byproducts, CO2 and asphaltenes, in order to better evaluate the
contribution of thermal transformation of recalcitrant organic matter into biogenic gas in deep
sediments. We simulate the burial of three immature Type II (marine) kerogens in our laboratory
using a closed system pyrolysis in gold tubes at temperatures ranging from 150 - 225oC and showed
that thermal alteration leads to the generation of an extensive amount of complex polar compounds
such as long chain monoacids and diacids. Our kinetic studies demonstrate that these reactions are
energetically similar to the thermal degradation of the bulk kerogen and are evaluated to occur at
temperatures between 10oC to 90oC in geological scales in common sedimentary depositional
conditions (Chapter III).
Ultrahigh resolution electrospray ionization Fourier transform mass spectrometry and solid
state 13C NMR CPMAS technique allowed the characterization of the thermally-generated polar
compounds and the variation in bulk functionalities in the solid matrix, respectively. This
molecular characterization was both qualitative and quantitative. Quantitative measurements were
used via advanced kinetic modeling software to derive of the kinetic parameters for the early
generation of CO2 and especially asphaltenes. Applying this methodology to three Type II
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kerogens with relatively increasing maturity, we were able to quantify the changes in asphaltenes
on a molecular scale and define its occurrence in geological settings. Asphaltenes here are
dominated by CHO compounds such as long chain monoacids, diacids and monoacids with one
alcohol group. Those molecules are easily degradable by microorganisms and are optimal
substrates for the activation of methanogenesis in deep sediments.
The discovery of huge biogenic methane gas-fields, as in the Levantine basin, has sparked
tremendous interest in understanding key elements responsible for relatively deep methanogenesis
(Economides et al., 2012). We propose to investigate the thermal reactivity of immature
recalcitrant organic matter at the end of non-thermal diagenesis and to determine the characteristics
of compounds released during marine sedimentation at geological temperatures comprised
between 10 – 90oC. These temperatures cover depths in the sediments where only a recalcitrant
form of organic matter not directly biodegradable by microorganisms is present. Furthermore,
amongst the thermally-generated products, long chain monoacids, long chain diacids and
polycyclic compound with aliphatic side chain harboring a carboxyl group are excellent substrates
for the acetate fermentation pathway because these molecules can be metabolized into acetate by
a specific family of microorganisms (Horsfield et al., 2006; Parkes et al., 2007; Jiang et al., 2015).
Primary fermenters are microorganisms that harvest energy by breaking down bulky compounds
such as long chain monoacids and diacids into simple molecules such as acetate (Wellsbury et al.,
2002). The acetoclastic methanogenesis pathway can then be fuel by the primary fermentation of
the thermally-generated products and contribute to the production of biogenic methane in deeper
sediments.
Solid-state 13C NMR CPMAS analyses have revealed that immature kerogen possesses a
great amount of oxygenated functionalities such as ether, esters, acids and thiols and these
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functionalities are the most labile and are expelled from the residue very early at mild temperature
as small polar compounds are released in the sediments. Aromaticity is conserved in the solid
residue while the aliphaticity is slightly lost to the polar compounds generated. Our findings
confirmed that thermal alteration removes most polar functionalities prior to the oil formation zone
and make them available for the microfauna in deep sediments leading to the generation of huge
biogenic gas reservoirs.
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CHAPTER V
EARLY THERMAL ALTERATION OF TYPE III KEROGEN: KINETICS,
GENERATION OF CO2 AND MOLECULAR CHARACTERIZATION OF POLAR
COMPOUNDS BY ULTRAHIGH RESOLUTION MASS SPECTROMETRY

Preface
The majority of the material contained within this chapter will be submitted for publication in
Organic Geochemistry.

1. Introduction
Type III organic matter (OM) derives from higher plant debris, and is often highly reworked,
given the oxidizing transportation conditions associated with detrital and rapid sedimentation
which are frequently found worldwide in deltaic settings (Albrecht et al., 1976). The Upper
Cretaceous sedimentary rocks of the Douala Basin (Logbaba, Cameroon), sourced by the Niger
River palaeodeltaic input, and deposited in a shallow marine environment are great examples of
Type III OM. Accumulation of Type III kerogen in sediments relies on the most resistant chemical
constituents of the terrestrial OM to reach the sedimentation site and, once there, to be quickly
buried due to large sedimentation inputs and high subsidence rates. Under such conditions,
extensive post-depositional bacterial degradation is less likely to occur which tremendously limits
the sulfur incorporation into the OM, even though abundant sulfate is largely present in seawater.
In large part, the organic fraction consists, on one hand of ligneous debris with a predominantly
aromatic structures, and on the other hand moieties derived from the protective constituents of
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higher plants such as waxes, cutilar and suberan-based components with a predominantly aliphatic
structure (Largeau and Vanderbroucke, 1995; Hartman et al., 2015). In the past, coal series were
often classified separately as a specific Type IV due to their somewhat lower position in the van
Krevelen diagram (Tissot, 1984). However, Durand et al. (1977) showed, for a series of kerogen
fractions isolated from coals with the usual acid treatment, that Type III OM and coals can be
classified together within the same Type.
Currently, Type III organic matter has been extensively studied mainly covering its thermal
maturity related to its hydrocarbon generation potential with the use of analytical techniques such
as vitrinite reflectance, elemental analyses, Rock-Eval analyses, hydrous pyrolysis and nonhydrous pyrolysis (Bertrand et al., 1986; Horsfield et al., 1988; Carr and Williamson, 1989;
Clayton et al., 1991; Fowler et al., 1991; Mpanju et al., 1991; Behar et al., 1995; Petersen et al.,
2009). Previous studies have been focused on the distribution and generation of aromatic
hydrocarbons from coals of low-rank (Romero-Sarmiento et al., 2011), the structural relationship
between coal and its kerogen and humic acids (Finotello and Johns, 1986), bulk kinetics associated
with hydrocarbon generation (Torodov et al., 1992), structural changes of the solid matrix during
the natural evolution of coals, also called coalification, using Nuclear Magnetic Resonance (NMR)
(Hatcher et al., 1989). These studies have mainly focused on the artificial maturation of Type III
kerogens with vitrinite reflectance ranging from 0.45% to 4.0% at elevated temperatures
mimicking catagenesis and metagenesis between 90 – 200oC in geological conditions. However,
little is known about the thermal reactivity of Type III kerogens at low stress equivalent to subPasteurization temperatures between 10oC and 75oC; especially about the distribution, molecular
characterization and bulk kinetics parameters of their thermally-generated products.
Understanding the thermal transformation of Type III kerogens, at low temperatures, is
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tremendously important for the evaluation of geothermal inputs of light organic compounds in
deep sediments and their implication towards sub-surface biological processes such as
methanogenesis.
In the present study, we investigate the thermal reactivity of four Type III kerogens differing
in initial maturity within Phase I described in Chapter IV (covering sub-Pasteurization
temperatures). Three of the four samples are carbon-rich layers of sediments harboring Type III
organic matter and are deposited in the same depositional environment and were recovered at
different depths reaching 1400 mbsf during the coring IODP Expedition 337 in the Nankaï Trough,
Japan. Preliminary studies to IODP Expedition 337 have shown clear evidence for the presence of
biogenic gas at depth beyond 500 mbsf. As fourth sample, Wilcox coal, a well-studied Type III
organic matter recovered from an open-pit mine near Fairfield, Freestone Co., Texas (Breyer et
al., 1986; Crowley et al., 1997; Behar et al., 2003, 2008; Hackley et al., 2012), serves as a classical
Type III kerogen. In this dissertation chapter, Wilcox coal is included to compare its relative
thermal reactivity to the three Type III kerogens from Japan.
For the scope of this study, primarily, we define and compare the bulk geochemical
characteristics of the initial Type III kerogens including Rock-Eval (RE) analyses, elemental
analysis (EA), and cross polarization magic angle spinning (CPMAS)

13

C NMR analyses.

Secondly, we define the bulk kinetic parameters associated with the thermal maturation of Type
III kerogens in open system essential for the optimization of the Arrhenius factor A. Lastly, we
artificially mature the initial Type III kerogen via closed system pyrolysis at low temperatures in
such a way that gaseous and liquid products are quantitatively recovered and molecularly
characterized. Following closed system pyrolysis, we analyze solid residues using Rock-Eval and
CPMAS

13

NMR analyses to follow the structural changes during the early thermal alteration of
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Type III kerogens. We use thermal yields of gaseous and liquid products via closed system
pyrolysis to derive the bulk kinetic parameters allowing an extrapolation of the reactivity of Type
III kerogens into geological timescale. The molecular characterization of the liquid products is
qualitatively and quantitatively achieved using ultrahigh resolution Electrospray Ionization
Fourier Transform Ion Cyclotron Mass Spectrometry (ESI-FT-ICR-MS).

2. Sample description
Deep coalbeds buried at more than 1500 mbsf in the Hidaka trough basin off of the northeastern coast of Japan caught our attention as ideal Type III SOM samples for our study. The coal
samples were recovered during the IODP expedition 337 geared towards investigating the deep
biosphere at some of the deepest horizons ever reached in drilling and sample collection (maximal
coring depth = 2500 mbsf). These samples were of particular importance for our study because
Osawa et al. (2002) have shown, on previous expeditions in the same basin, evidences for the
occurrence of methane hydrates, strong upward flux of hydrocarbons gases with unambiguous
predominance of biogenic methane. These coals were formed and deposited during the Eocene
and Upper Cretaceous eras and were subjected to a thermal gradient of 22.5oC/km and a high
sedimentation rate ranging between 54 – 95 cm/kyr. Previous findings have also revealed evidence
for methanogenic archea using flow–through bioreactors (Kobayashi et al., 2008). We selected
and requested three samples lying at different depths from the IODP Bremen core repository,
Germany. The first coal sample, referred to as 18R, is the most recent and immature of the three
samples and it lays at 1946 mbsf. We refer to the second coal sample as 25R which lies at 1996
mbsf in the core and is slightly more mature than 18R. And finally, the third, deepest and therefore
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most mature coal sample (referred to as 30R) was retrieved at 2446 mbsf. In this study, we also
include a fourth coal sample, the Wilcox Formation Lignite, from the Calvert Bluff formation
(Paleocene) in the Big Brown open-pit mine near Fairfield, Freestone Co., Texas. This coal gave
us an opportunity to investigate and compare, albeit with only one sample, coals formed from
different geographical, depositional environments, geological age and thermal reactivity.

3. Methods
3.1. Kerogen preparation
A preliminary isolation of kerogen was performed by the removal of the mineral portion using
non-oxidizing acids under a nitrogen atmosphere as described by Durand and Nicaise (1980)
slightly modified by Ravin (2013) to significantly reduce mineral contamination throughout the
study.
3.2.Artificial maturation used closing system pyrolysis
Aliquots of dried and grounded kerogen varying from 100–400 mg were inserted in gold tube
reactors (5 cm x 1 cm) for artificial maturation via closed system pyrolysis. The filling and welding
of gold tubes were carried out under nitrogen gas inside a glove box. After charging, the tubes
were placed in hot water to check for gas leaks and then placed into pressurized autoclaves and
kept at a pressure of 100 bars for varying amounts of time and temperatures. Temperature
(measured by a calibrated thermocouple, accuracy ±1oC) and pyrolysis time vary from 150oC to
250oC and from 1h to 72h, respectively. The time was started when the desired isothermal
temperature was reached (ca. 15 – 20 min after initial heating was started). At the end of pyrolysis,
the autoclaves were transferred to a water bath to cool and slowly depressurized so as to not rupture
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the gold tubes. The following covers the detailed protocol for the recovery and analysis of gaseous,
liquid and solid products to achieve mass balances.
3.3.Bulk characterization of solid residues
3.3.1. Rock Eval and Elemental analysis
A Rock-Eval 6 Turbo apparatus (Vinci Technologies) as presented in Behar et al. (2001) and
an elemental analysis system, SGS Multilab are used to analyze the isolated kerogen samples in
duplicate. Following artificial maturation and liquid extraction with solvents, Rock-Eval and
elemental analyses of matured solid residues were also performed in order to display the effects of
thermal alteration on the elemental composition and the oil potential and also to compare it to the
evolution of typical Type III kerogen in natural sediments.
3.3.2. Bulk kinetics optimization using open system pyrolysis
To optimize the bulk kinetic parameters in open system pyrolysis we used the kerogen
degradation leading to the maximum HC potential (corresponding to the S2 peak in the Rock-Eval
apparatus) of each initial Type III kerogen as described in Chapter III. Rock-Eval analyses of the
isolated kerogens are performed at five different temperature rates: 2, 5, 10, 15 and 25oC/min. The
different generation yields of the S2 peak at the selected rates were numerically optimized for a
series of chemical reactions with activation energy between 40 – 80 kcal/mol and Log A value was
manually optimized between 13 and 15. In order to choose the appropriate Log A value, the error
function F was explored as the Log A value increased. Once the optimal Log A was chosen, it was
applied for the optimization of Ea for all three selected kerogens. Along with the stoichiometric
parameters, the distribution of Ea values at the optimal Log A value were used to simulate to
thermal alteration of the kerogen in both the laboratory settings and the geological scale using a
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thermal rate of 10oC/min and 2oC/Ma, respectively.
3.3.3. Solid State multiple Cross polarization magic angle spinning 13C NMR
spectroscopy
Solid state 13C NMR analysis of initial kerogens and artificially-matured solid residues were
obtained using a 400MHz Bruker AVANCE II spectrometer equipped with a 4 mm H-X MAS
solid state probe, as described in Chapter IV. Multisequence CPMAS provides quantitative spectra
comparable to direct polarization NMR techniques with a better signal-to-noise ratio (S/N) and
shorter experiment time (Johnson and Schmidt-Rohr, 2014). Multisequence CPMAS consists on
using a ramp-CP pulse program detailed in Johnson and Schmidt-Rohr (2014) which is an 11 steps
(100 µs each) with 1% amplitude increment from 90 to 100%. Around 50 mg of each sample was
packed into a 4 mm diameter Zirconium rotor with a Kel-F cap and spun at 14 kHz at the magic
angle of 54.7o. The acquisition parameters were: spectral frequency of 100 MHz for 13C and 400
MHz for 1H, 8192 scans, recycle delays were 0.25 s (optimized previously) and a line broadening
filter of 0 Hz. The carboxyl signal (ca. 176.03 ppm) of glycine was used as an external reference.
The spectra were integrated into the following chemical shifts zones: zone I for aliphatic and alkylO carbons (0 – 60 ppm), zone II for alkyl-O carbon (60 – 95 ppm), zone III for aromatic and arylO carbons (95 – 160 ppm), zone IV for carboxyl and carbons (160 – 180 ppm), and zone V for
carbonyl and ketone carbons (180 – 220 pm).
3.4. Analysis of gaseous products
Following artificial maturation, gold tubes were pierced in a vacuum line equipped with a
primary vacuum pump, a secondary vacuum pump, a Toepler pump and several gas pressure
gauges (Behar et al., 1989; Chapter III). Before piercing the gold tubes, the gas line was kept under
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vacuum and the exits to the vacuum pumps were closed. Condensable gases were trapped in a cold
trap filled with liquid nitrogen, while permanent gases (H2, N2, and C1) remained volatilized in the
line. The permanent gases were transferred to an evacuated ampoule for gas chromatographic
analysis. The gases of interest were CO2, CH4, C1 – C4 hydrocarbons, CO, H2 and H2S. The
molecular characterization and quantification of all individual generated gases were performed
using a gas chromatography instrument GC6890 coupled to FID and TCD adapters by Wasson.
3.5. Liquid fraction recovery
The gold tubes were opened at room temperature under atmospheric pressure as described in
Chapter III. The matured kerogen was recovered, deposited in an agate mortar containing 1 mL of
n-pentane and was ground in the mortar to ensure efficient extraction. Around 5 mg of solid residue
was systematically lost to the surface of the mortar. The final solid and liquid content of the mortar
was emptied into a flask containing ca. 50 ml of n-pentane (LCMS grade, Sigma Aldrich), stirred
for 1 h under reflux at 40oC and filtered after cooling the solution to room temperature. After
filtration, the n-pentane solution was concentrated to 4 mL and weighed. Its volume was
determined using density and dry mass. This n-pentane extract mainly contains HCs ranging from
C6 to C14+ and resins which are Nitrogen, Sulfur and Oxygen containing (Tolmachev et al., 2009)
compounds soluble in n-pentane; we refer to this extract as maltenes. After the n-pentane
extraction, the insoluble residue recovered on the filter was extracted with DCM under reflux for
1h at 40oC and then filtered. This DCM extract has been typically observed to contain less than
1% of saturates and aromatics and is referred to as asphaltenes. This fraction is made up of more
than 98% polar NSO compounds and resins insoluble in n-pentane. Following filtration, the
asphaltenes solution was concentrated to 4 mL and weighed to determine volume using density
and dry mass. Mass balances were achieved after the recovery of gaseous, liquid products and
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solid residues.
3.6. Molecular characterization of polar compounds: Qualitative and quantitative analyses
using ESI-FT-ICR-MS (see Chapter IV)
3.6.1. Qualitative characterization of asphaltenes and maltenes
Each solution of asphaltenes and maltenes fractions was aliquoted and dissolved in THF to
produce iso-concentrated solutions of 1 mg/ml for ESI-FT-ICR-MS analysis. A total of 50 µl of
each of these solutions was diluted with 1 ml of THF: MeOH (2% NH4OH) (v:v, analytical reagent
grade solvents). The MS analysis was performed using a Bruker Daltonics (Bremen, Germany) 12
Tesla Apex Qe FT-ICR-MS coupled to Apollo II ESI housed at the College of Sciences Major
Instrumentation Cluster (COSMIC), Old Dominion University, VA. Around 80 µl of the final
solutions were infused into an ESI source in the negative ion mode by a syringe pump assisted by
nitrogen needle-gas at a flow rate of 120 µl/h. The operating conditions for negative ion formation
consisted of a -4.0 kV emitter voltage, -4.5 kV capillary column induction voltage and -320 V
capillary column end voltage. Ions were accumulated in a hexapole (hexapole 1) for 1.0 s and a
delay was set to 1.0 ms to transfer ions from hexapole 2 to the ICR cell by electrostatic focusing.
The mass range was set at m/z 200 – 1000 and the data size was set at 4 M words. The time domain
data sets of 200 acquisitions were co-added. Following the ESI-FT-ICR-MS analysis of each polar
solution, an aliquot of the internal standard was added to those prepared solutions which were then
analyzed again with ESI-FT-ICR-MS. Precisely, 30 µl of 16.7 ng/µl n-C20 monoacid standard and
30 µl of 16.7 ng/µl n-C16 diacid standard were added to each solution.
3.6.2.

Mass Calibration and data analysis

Prior to data analysis of each broadband mass spectrum, a polyethylene glycol standard
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and naturally present fatty acids were used to externally and internally calibrate the mass scale of
the instrument. A molecular formula calculator (Molecular formula Calc ver. 1.0 NHMFL, 1998)
was used to generate empirical formula matches from m/z values of peaks with a signal to noise
ratio above 4 using carbon, hydrogen, oxygen, nitrogen and sulfur. The assignment limits were set
as follows: Carbon (12C) > 1, Hydrogen (1H) > 1, oxygen (16O) < 30, Nitrogen (15N) < 6, Sulfur
(32S) < 3 and 31P = 0 The assigned formulas in the vast majority of cases agreed within an error
value of less than 0.5 ppm. Data analysis consisted on transferring these generated formulae to an
excel file and sorting out main families of compounds present in the mixtures.
3.6.3.

Quantitative analysis of polar compounds detected by ESI-FT-ICR-MS

We use the method developed by Kamga et al. (2014; Chapter II) to quantify the free fatty
acids and diacids present in each asphaltene fraction. It consists of using a standard addition
methodology with a known concentration of free n-fatty acids and n-diacids. We used the long
chain fatty acid n-C20 and the long chain diacids n-C16 as our added standards. And to correct for
the variation in chain length response factor of monoacidic compounds (O2-3), we used the
response factor of 5 n-acids standards with different chain length (n-C15, n-C19, n-C24, n-C26 and
n-C30) to extrapolate the response factor of any chain length n-acid that we applied for all the
molecules bearing an monoacidic functionality (COOH), known to be very ionizable in negative
mode. Similarly for diacidic compounds (O4+), we used the response factor of two commercially
available n-diacids standards, n-C14 and n-C16. To account for the naturally present n-fatty acid C20
in the solution, the analysis prior to standard addition was used to determine the ratios between nC19, n-C20, n-C21 and n-C22 peak magnitudes. This allowed the calculation of the increase in
magnitude caused by the added standard n-C20. Similarly, this was also applied for the naturally
present n-C16 diacid. The concentrations of the n-fatty acids were evaluated using the response
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factors for individual fatty acids and the internal standard methodology as described by Kamga et
al (2014). We applied the modified method to quantify the polar compounds detected in negative
mode with ESI-FT-ICR-MS to the main three families of compounds (more than 95% of overall
peak magnitudes) as displayed in Chapter III.
3.7. Bulk kinetic parameters in closed system pyrolysis (see Chapter III)
To derive the bulk kinetic parameters for the generation of CO2, asphaltenes and the
quantified polar compounds via ultrahigh resolution FTMS, we assume that thermally unstable
chemical classes decompose through first-order processes and rate constants depending on
temperature according to the Arrhenius law. For closed system pyrolysis, we applied the same
Arrhenius factor A used for all four samples and optimized using the maximum generation of
hydrocarbons (S2 values) in open system pyrolysis performed at different temperature ramps. Log
A was chosen based on the lowest error function combined to the best energy distribution. Other
parameters (Ea and stoichiometric coefficients) were numerically calibrated according to the
quantification of polar compounds released during Phase I. Optimization was achieved with
Geokin compositional software, an IFP kinetic simulator that allows rate parameters to be adjusted
by finding the minimum of an error function, F, corresponding to the sum of the squared
differences between measured and computed amounts. The minimization of F was performed
using a modified Levenberg-Marquart algorithm constrained by mass conservation: the sum of the
stoichiometric coefficients for each reaction and the sum of all energy populations must each equal
100%.
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4. Results
4.1. Bulk geochemical characteristics of initial Type III kerogens
Geochemical characteristics of the initial Type III SOM chosen for this study are given in
Table 22. The source rocks were analyzed for their total organic carbon (TOC) content and are
ranked by their vitrinite reflectance index (Ro). The three samples collected from Exp. 337
displayed differences in TOC: Sample 18R and sample 30R with high TOC are considered natural
coals with 52.4% TOC and 63.2% TOC, respectively and only Sample 25R with 11.8% TOC is
considered as carbon-rich shale. Wilcox coal contains 60.5% TOC and displays a similar Ro value
of 0.34 as 25R. After isolation of the kerogen, only sample 25R displays a significant increase in
TOC from 11.8% to 56.7% TOC due to its initial high mineral content. Sample 18R shows a
smaller increase in TOC from 52.4% to 64.9% TOC while sample 30R and Wilcox coal shows a
negligible change in TOC. Hydrogen index (HI) and Oxygen index (OI) values of our samples are
inversely proportional to Ro except for sample 25R which displays HI and OI values greater than
sample 18R which suggests a slight difference in initial SOM composition for 18R and 25R. Their
Tmax values range from 403oC to 416oC indicating their low maturity level of these samples.
Table 22. Geochemical characteristics of the selected Type III kerogens
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Prior to artificial maturation, the four initial isolated kerogens were analyzed by
multisequence 13C NMR CPMAS spectroscopy as displayed in Figure 31. The main functionalities
are separated and distinguished by chemical shift in 5 zones from zone I to V: zone I ranging from
0 – 60 ppm represents aliphatic carbons, zone II from 60 to 100 ppm represents aliphatic
oxygenated carbons such as ether, esters, alcohol, methoxylated carbons, zone III from 100 – 170
ppm represents aromatic carbons and substituted aromatic carbons such as catechol and phenol
groups, zone IV from 170 – 190 ppm represents carboxyl and ester bands, and zone V from 190 –
220 ppm represents ketone and aldehyde bands. In order to evaluate the changes in oxygenated
bands and aliphatic bands in the NMR spectra, we decided to normalize all spectra to the highest
aromatic peak at around 130 ppm. Throughout the natural evolution of these low-rank Type III
SOM samples, we expect the aromaticity to change slightly but not as much as the other bands.
All three Type III kerogens from Exp. 337 showed a consistent trend with respect to their maturity
level. Indeed, the aliphatic bands in zone I show a clear decreasing trend from 18R to 30R which
respect their difference in maturity. This implies that, prior to evaluating the artificial maturation
of our selected coals, natural evolution or maturation removes aliphatic moieties while slightly
concentrating the aromaticity in these Type III coals. As expected, Wilcox coal displays a slightly
different NMR spectrum with similar bands and do not follow the maturity trend of the other three
coals. Aliphatic and carboxyl bands of the Wilcox coal (zone I and IV) are much greater than for
18R which is the most immature coal based on the Ro and Tmax values. As expected, the difference
arises from different deposition environments and different preservation conditions and plays a
major role in the distribution of the chemical moieties within the coal matrix.
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Figure 31. Multiple C CPMAS NMR spectra of initial Type III kerogens.
4.2. Bulk kinetic parameters: optimization using open system pyrolysis
Bulk geochemical parameters have been widely used to evaluate the maturity and oil
potential of source rocks and isolated kerogens. Kinetic parameters are derived from open system
pyrolysis data (Rock-Eval) which allows one to keep track of the carbon mass balance throughout
the entire thermal degradation and to generate a simplified equation such as:
Kero

a S2 + b Residue

[1]

where a and b are stoichiometric coefficients, Kero represents all carbons in the initial
kerogen, Residue represents all carbons in the residual kerogen and S2 is the HC potential of the
kerogen (from Rock-Eval, RE, data as shown in Table 19). As discussed previously in Chapter III,
deriving the bulk kinetic parameters solely relies on the Arrhenius factor A which needs to be
optimized. One way to optimize the Arrhenius factor A is to manually or automatically (software-
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operated) vary the Log A value while matching the S2 yields at several temperature ramps until
the lowest error function is achieved (as described in Chapter III). For Type III kerogens, we use
Log A = 14.0 which was found to be the optimum value based on open system optimization. We
used this Arrhenius factor A throughout this entire chapter for our four selected Type III kerogens.
The optimization yielded activation energies and their populations which are displayed in Table
23 which define the bulk kinetic parameters of open-system cracking reactions. All four samples
displayed unimodal distribution of energies centered at the three most populated energies, 50 - 54
Kcal/mole with the infinite value being the sum of the partial population (Xi) which equals 100%
of the total energy population. These kinetic parameters are used to derive the transformation ratio
(TR) that can be assigned to thermal stress conditions used in laboratory settings. In Table 24 –
27, the TR for sample 30R was chosen to compare the product yields throughout this study because
it is the most mature kerogen and therefore it is more stable and matures much slower than the
other samples at the early stage: this allows a clear comparison between early and late thermal
products for all samples. Because this derivation is based on hydrocarbon (HC) generation and in
this study, we examine Type III kerogens of low rank and subject them to mild thermal stress, the
TR values calculated in this study are very low.
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Table 23. Optimization of bulk kinetic parameters using open system pyrolysis: the optimal
Arrhenius factor was Log A = 14.0. Infinite values and error function values are displayed at the
bottom of the table.

Using the optimized bulk kinetics parameters, we simulate the thermal degradation of our
selected samples on the geological time scale as shown in Figure 32. The boxed-in area represents
temperatures at which microorganisms exist and actively degrade labile organic compounds
present leading to the generation of biogenic methane in marine sediments. The reactivity of our
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four samples seems to initiate at a similar temperature and importantly their reactivity succession
is in tandem with their maturity levels. Indeed, the most immature sample, 18R, degrades before
the more matured kerogens. It is followed by both sample 25R and Wilcox coal which both display
a similar degradation curve. Finally, Type III kerogen 30R is the final sample to degrade, being
the most mature and most thermally-advanced sample. In Figure 32, the dashed box accounts for
up to 20% of kerogen transformation occurring at temperatures associated with diagenesis and
microbial activity. This suggests that all four Type III kerogens are thermally reactive in open
systems even prior to the Pasteurization zone. To that effect, we designed a protocol using closed
system pyrolysis in gold tube reactors in order to more accurately evaluate the early thermal
transformation of these kerogens. Closed system pyrolysis also allows us to quantitatively recover
and molecularly characterize their pyrolysis products.

Figure 32. Simulation of the maturation of isolated kerogens based on Rock-Eval data (open
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Figure 32. (Continued) system) and their optimized bulk kinetics parameters displayed in Table
23 in geological settings (with a thermal gradient of 2oC/Ma).
4.3. Artificial maturation using closed system pyrolysis
Artificial maturation of selected Type III kerogens was performed as described in the
methods section above. The pyrolysis data were gathered as mass balance tables which are shown
in Table 21 – 23. The total recoveries range between 95% and 101% including a systematic loss
of solid residue of 20 mg/g Kero. The excess recovery can also be explained by the loss of small
gold particles when opening and cutting the gold tubes.
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Table 24. Mass balances (yield %) obtained for sample 18R artificially matured via closed system
pyrolysis: maltenes represent HCs C14+ (saturates + aromatics) and the non-asphaltenes portion of
the NSO compounds.
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Table 25. Mass balances (yield %) obtained for sample 25R artificially matured via closed
system pyrolysis: maltenes represent HCs C14+ (saturates + aromatics) and the non-asphaltenes
portion of the NSO compounds.
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Table 26. Mass balances (yield %) obtained for Wilcox coal artificially matured via closed
system pyrolysis: maltenes represent HCs C14+ (saturates + aromatics) and the non-asphaltenes
portion of the NSO compounds.
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Table 27. Mass balances (yield %) obtained for sample 30R artificially matured via closed
system pyrolysis: maltenes represent HCs C14+ (saturates + aromatics) and the non-asphaltenes
portion of the SO compounds.

Type III kerogens from ODP expedition 337, Japan.
We plotted the three most dominant products: CO2, “asphaltenes and maltenes”, and “solid
residue” in mg/g TOC (except solid residue) against the TR calculated from sample 30R (Figure
33 – 36). Overall, the CO2 generation curves are similar for all four samples except the absolute
maximum value which correlate well with the maturity level of the initial samples for the ODP
samples. Indeed, Sample 18R generates 123 mg/g TOC of CO2, while 25R and 30R generate 118
mg/g TOC, and 65 mg/g TOC, respectively. Moreover, asphaltenes are inversely proportional to
the maturity level in such a way that the most mature sample 30R generates less asphaltenes that
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the less mature samples, 18R and 25R.
Interestingly, none of these Type III kerogens generates hydrogen sulfide (H2S). Also, light
hydrocarbons (C1 – C4) are secondary products and are generated a time/temperature conditions
above 200oC/72h for all our samples. As observed in Figure 33 – 36, at higher severity (TR above
2), asphaltenes and maltenes trend towards lower yields indicating that they are being consumed
during the natural evolution of these Type III kerogens.
Wilcox coal, Calvert Bluff Formation, Texas, USA
Wilcox Coal generates 146 mg/g TOC of CO2. Wilcox coal displays a higher CO2 yield
than all three ODP Exp. 337 samples because it is represented by a structurally different organic
matter (see NMR data) in a different sedimentary environment. Asphaltenes generated by Wilcox
coal sample are however comparable to sample 25R which displayed a similar amount of
asphaltenes. As observed above with the other three samples, Wilcox coal does not generate H2S
due to its low organic sulfur implying the absence of thiol bridges in its solid matrix. At higher
severity, asphaltenes are slightly decreasing which indicates a possible onset of secondary cracking
leading to the generation of maltenes (Behar et al., 2008).
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Figure 33. Evolution curves of CO2, asphaltenes, maltenes and solid residue during artificial
maturation of sample 18R in a closed system pyrolysis with TR values derived from the open
system pyrolysis of sample 30R.
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Figure 34. Evolution curves of CO2, asphaltenes, maltenes and solid residue during artificial
maturation of sample 25R in a closed system pyrolysis with TR values derived from the open
system pyrolysis of sample 30R.
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Figure 35. Evolution curves of CO2, asphaltenes, maltenes and solid residue during artificial
maturation of Wilcox coal in a closed system pyrolysis with TR values derived from the open
system pyrolysis of sample 30R.
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Figure 36. Evolution curves of CO2, asphaltenes, maltenes and solid residue during artificial
maturation of sample 30R in a closed system pyrolysis with TR values derived from the open
system pyrolysis of sample 30R.

4.4.Bulk structural characterization of solid residues throughout artificial maturation
4.4.1. Elemental analysis of solid residues
The variations of the elemental composition of the solid residues during thermal alteration
are usually represented in a Van Krevelen plot frequently used to determine the Type of kerogen,
the maturity level, and compare artificial maturation to natural evolution. Therefore, we plotted
the elemental changes in a Van Krevelen plot with predicted zones of natural evolution based on
the Type of kerogen as shown in Figure 37. All four Type III kerogens follow the natural evolution
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of typical Type III kerogens and are relatively immature with high initial O/C values greater than
0.25. Three kerogens, 18R and 25R display a significant change compared to kerogen 30R which
display the least change due to its more advanced maturity level. The elemental analysis of Wilcox
Coal shows that it consistently follows the natural maturation of Type III organic matter and
displays a higher H/C and O/C ratio values than 25R. Atomic O/C ratio is the main parameter
changing during this thermal maturation along with a slight change in H/C ratio. This suggests that
a significant fraction of oxygenated moieties is liberated by the kerogen. Interestingly, at the end
of the low-temperature artificial maturation (250oC/72h), all four kerogens seem to attain the
similar point on the diagram (O/C = 1.9 and H/C = 0.8) which suggests that they have reached the
same elemental ratios and therefore can be considered to have reached a similar maturity level.
Therefore, the structural changes of the solid residues detectable by solid state NMR and the yields
of polar compounds in the liquid fractions can be directly compared at the end of our thermal
alteration.
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Figure 37. Elemental analysis of the selected Type III kerogens during Phase I of artificial
maturation. The big dots in each plot represent the initial kerogen and the small empty dots
represent the solid residues following artificial maturation.
4.4.2. Solid State multiple Cross polarization magic angle spinning 13C NMR
spectroscopy
Multisequence CPMAS

13

C NMR spectra of the residues following extraction of

asphaltenes and maltenes are shown in Figure 38. These spectra were normalized to the highest
aromatic peak at 130 ppm because we assume that our samples do not display extensive
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aromatization reactions throughout Phase I. The mild thermal cracking of 18R is displayed in
Figure 38a. A continuous and steady decrease in aliphatic bands (zone I) is observed throughout
Phase I and represents the largest changes associated with the thermal maturation of 18R.
Moreover, a slight diminution of oxygenated compounds in zone II and zone III, along with a small
decrease in aromatic peak at 145 ppm corresponding to catechol, are also observed. We also
observe a disappearance of shoulder aromatic peaks at 145 ppm representing the conversion of
catechol into phenols for the 18R and 25R kerogens which has been shown in previous studies
(Hatcher et al., 1989). Figure 38d shows the maturation of 30R which also follows the same trend
as 18R and 25R as it mainly loses its aliphatic character along with a small decrease in oxygenated
compounds in zone II and III. At the end of Phase I, all four Type III kerogens display similar H/C
and O/C ratios (Figure 37) but do not have identical NMR spectra.
In Figure 38c, Wilcox coal also displays a similar structural change in its residual kerogen
throughout Phase I as seen for 18R, 25R and 30R. The only difference is that Wilcox Coal retains
its highly aliphatic character after Phase I which indicates that Wilcox coal has great potential to
thermally-generate more aliphatic moieties as maturation increases compared to the other three
kerogens. Moreover, we observe a small decrease in the aromatic shoulder peaks at 145 ppm also
observed with 18R and 25R kerogens which represents the conversion of catechol into phenols
(Hatcher et al., 1989).
Following NMR analysis of the solid residues, Ultrahigh-resolution mass spectrometry was
employed to qualitatively and quantitatively analyze the liquid polar extracts (asphaltenes and
maltenes) detectable in the working mass range in order to assess their molecular characteristics
and evaluate their aliphatic character and potential biodegradability presented in the following
section.
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Figure 38. Multisequence 13C CPMAS NMR spectra of selected Type III kerogens during Phase
I of thermal alteration. a) 18R kerogen, b) 25R kerogen (added 250C/24h because not enough solid
sample of 25R- 225C/24h for NMR analysis), c) Wilcox coal, and 30R kerogen.
4.5. ESI-FT-ICR-MS : Bulk analysis of extracted polar compounds
4.5.1.

Quantitative analysis of polar compounds

Asphaltenes and maltenes were analyzed via ultrahigh resolution FTMS and the molecular
formulae detected and successfully assigned are grouped based on their heteroatomic composition.
The three most abundant groups are the CHO group (containing only oxygen as heteroatom),
CHOS group (containing Oxygen and sulfur), and CHON group (containing oxygen and nitrogen).
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We apply the quantitative approach described in Chapter IV to these groups of compounds present
in asphaltenes and maltenes during Phase I of the artificial maturation. Figure 39 shows the total
yields of the three main families of compounds liberated by our selected Type III kerogens during
Phase I.
Type III kerogens from ODP expedition 337, Japan.
Of the three families of polar compounds, CHO family is the most dominant accounting
for nearly 85% of total yields while the other families account for 15% of the total yields, as shown
in Figure 39. All three families of polar compounds seem to follow the similar trend as asphaltenes
as maturity level advances. Interestingly, CHO and CHOS families show decreasing yields as the
artificial maturation occurs.
Wilcox coal, Calvert Bluff Formation, Texas, USA
Figure 39 shows that CHO compounds also dominate the polar compounds generated by
Wilcox coal but do not follow the decreasing trend towards the end of Phase I. Indeed, The ODP
Exp. 337 kerogens seem to reach their maximum polar compound yields while Wilcox Coal seems
to continue its production of polar compounds. Interestingly, the absolute yields of CHO and
CHOS from the maturation of Wilcox coal are comparable to the yields of 25R.
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Figure 39. Evolution curves of CHO, CHON and CHOS yields during Phase I of Type III
kerogens.
4.5.2. Qualitative and Quantitative analysis of polar compounds
The ultrahigh resolution power of the ESI-FT-ICR-MS allows the detection of ionizable
compounds and the exact molecular formula assignment. The assigned formulae are grouped into
families such as CHO, CHON, CHOS, CHS, CHN and CHONS. We plot and normalize the three
most dominant families, CHO, CHOS and CHON for each kerogen throughout Phase I of the
maturation. As described in Chapter IV, we use the quantitative approach coupled with our welldefined assumptions to quantify the light polar compounds within asphaltenes and maltenes.
Three-dimensional plots of carbon number vs DBE vs peak yields of CHO compounds in mg/g
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TOC are displayed in Figure 40 – 42. The absolute yields were externally normalized to fit a
specific range of values so that one can directly compare absolute yields throughout the maturation.
CHO compounds
As shown in Figure 40 – 42, CHO family, which is the most prevalent, displays DBE values
ranging from 1 to 18 with dominant yields. The chain length of detected compounds ranges from
15 to 45 carbon atoms. In order to compare the evolution in the distribution of CHO compounds
based on their oxygen content, we plotted the molecular yields for CHO2, CHO3 and CHO4
throughout Phase I of maturation.
-

CHO2 compounds

For all four Type III kerogens, CHO2 compounds account for up to 35% of CHOs and are
strongly dominated by compounds with DBE values of 1 and 2 which represent long chain fatty
acids (saturated) and unsaturated or fatty acids bearing one ring, respectively (Figure 40). These
compounds dominate throughout Phase I and their absolute yields slightly vary depending on the
structural identity of the initial kerogen. For example, for 18R and 30R, these compounds remain
relatively constant in absolute yields during Phase I while for Wilcox coal they clearly increase. A
greater complexity (DBE greater than 4) is associated with kerogens 18R and 25R, while almost
absent for the two other kerogens Wilcox coal and 30R. Moreover, the highest yields are observed
for the molecules with even carbon numbers ranging from C24 to C34. Indeed, the CPI values
derived for n-fatty acids (calculated as described in Chapter IV) for kerogen 18R after 150C/24h
is 6.5 compared to 5.3 for the most recent Type II kerogen ODP Sediment in Chapter III and IV.
This shows a strong dominance of even-numbered carbons which decreases to 5.1 and 2.2 after
Phase I, respectively. The larger decrease in CPI for ODP Sediment suggests that the release of a
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great amount of randomized odd-numbered and even-numbered compounds occurs and
consequently induces the slight decrease of DBE values which is not quite observed with 18R
kerogen. Thus 18R kerogen, along with the other Type III kerogens, are derived from biological
sources, more precisely higher terrestrial plant barks (suberan/ suberin, cutan/cutin) and waxes
characterized by even-numbered aliphatic compounds with carbon number ranging from C24 to
C32 (Largeau and Vanderbroucke, 2009). CHO2 compounds with DBE values greater than or equal
to 3 are very minor and seem to be constant throughout Phase I except for 25R kerogen which
displays a bell-shaped curve in these compounds at 175C/24h to become minor at the end of Phase
I.
-

CHO3 compounds

These compounds represent around 15% of CHO compounds and are dominated by
compounds with DBE values of 2 representing monocyclic or monounsaturated methoxylated (or
alcohol-containing) fatty acids as shown in Figure 41. The dominant peaks are also comprised
between C24 and C32 with a slight predominance in even-numbered carbon over the odd-numbered
carbons which is conserved throughout Phase I. Indeed, we calculated the CPI for the compounds
with DBE of 2 throughout Phase I for all four samples. We calculated the CPI values which slightly
decreases from 3.78, 2.71, 3.05 and 4.28 to 2.54, 2.05, 2.15 and 3.60 for 18R, 25R, Wilcox coal
and 30R, respectively. This suggests that these compounds are also derived from biological
sources.
-

CHO4 compounds

These compounds represent the most prevalent CHO sub-family accounting for up to 40%
of CHO compounds and are mainly dominated by DBE value of 2 representing long chain diacids,
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as displayed in Figure 42. These long chain diacids also display a strong predominance of evennumbered carbons over odd-numbered carbons which is relatively constant and conserved
throughout Phase I and also indicates biological sources. For our selected Type III kerogens, the
complexity and distribution of CHO4 compounds are conserved during Phase I but differences
arise when comparing both 18R and 25R to both Wilcox coal and 30R. Indeed, kerogen 18R yields
a highly complex distribution of CHO4 with a significant number of peaks with DBE values greater
than 3. For 25R kerogen, slightly more mature than 18R, the complexity and presence of
compounds with DBE greater than 3 decrease with maturity and decrease even more for 30R
kerogen which mainly displays CHO4 compounds with DBE values of 2 throughout its maturation
in Phase I. This variation in CHO4 compounds with high DBEs correlates with the difference in
origins of our selected Type III kerogens.
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CHOS and CHON compounds
These compounds represent around 10% yields for the assigned molecules for 18R, 25R
and 30R and accounts for up to 15% yields for Wilcox coal. Their overall yields are very low and
are scattered with varying DBE values from 1 to above 14. CHON compounds are very minor, do
not display any specific series (increasing carbon numbers) with similar DBE and are scarce for
the most mature kerogen, 30R kerogen. Their Nitrogen contents render these compounds available
to microorganisms as nutrients in order to optimize their metabolism and facilitate
methanogenesis. Likewise, CHOS compounds are relatively more abundant than CHON
compounds and also do not display specific series. Those compounds results from the cleavage of
oxygenated linkages such as ethers and very few disulfide bonds present in the Type III kerogen
matrix originating from the limited natural sulfuration of sedimentary organic matter by sulfatoreductors (Largeau and Vanderbroucke, 2009). The overall abundance of molecules harboring
organic Sulfur is very low because of the low initial Sulfur content in all four initial Type III
kerogens (Table 19). For Wilcox coal, CHON display a few series of compounds with DBE vales
below 5 while CHOS compounds do not display series of compounds. The difference in CHON
compounds between the ODP samples and Wilcox coal indicates the effects of different deposition
environments on the chemical composition of preserved Type III kerogen in natural systems.
4.6. Bulk kinetics: thermal generation of CO2 and polar extracts.
Assuming 1st-order reactions driving the thermal cracking of Type III kerogens, we use
compositional software, Geokin, developed by IFP (France) which allows the optimization of
kinetic parameters such as Arrhenius factor (log A) and their relative distribution of activation
energies. We use the percent yields in Table 21 – 24 to determine the bulk kinetic parameters for
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the artificial maturation of our selected Type III kerogens. Based on the Arrhenius factor
optimization using open system pyrolysis of our selected Type III kerogens, we selected Log A =
14.0 as our Arrhenius factor that we applied on all four Type III kerogens during the bulk kinetic
optimization in closed system. The main thermal products via closed system pyrolysis are CO2 and
the polar extracts (sum of asphaltenes and maltenes) which show a slightly shifted generation
trends which implies that these products are not totally generated from same reactions contrarily
to Type II kerogens (Chapter III). Consequently, we have to separate and optimize the bulk kinetic
parameters for the generation of CO2 and the generation of the polar extracts as shown in Table
28.
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Table 28. Optimization of bulk kinetic parameters for the generation of polar compounds and the
generation of CO2 with an Arrhenius factor chosen to be Log A = 14.0.

The total distribution of activation energies ranges between 30 – 48 kcal/mole because
activation energies between 30 – 40 kcal/mole represent weak bonds associated to immature
kerogen such as carboxylic acids, ester and ether bonds. Their optimization can only be achieved
via closed system pyrolysis which accurately monitors the changes in reaction with weak
activation energy (Chapter III). We divided the activation energies into two groups: the low-energy
bonds (30 – 38 kcal/mole) and the high-energy bonds (40 – 48 kcal/mole). Furthermore, the
measured values are compared to the computed values and results show that they correlate with a
R2 value greater than 0.99 as shown in Figure 43.
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Figure 43. Computed values vs. measured values for the generation of polar compounds and CO2
from our selected Type III kerogens based on bulk kinetic parameters displayed in Table 21.
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o Polar extracts: asphaltenes and maltenes
For all four selected Type III kerogens, polar extracts are generated before CO2 because
the bulk kinetic parameters for the generation of the polar extracts are characterized by a greater
population of low-energy bonds than CO2. Indeed, with 18R kerogen for instance, the low-energy
bonds for the generation of polar extracts represent 51.3% while for the generation of CO2 they
only represent 4.2%. This is consistent and true for the other selected Type III kerogens. This
implies that the early generation of polar extracts along with a fraction of CO2 occurs at very low
temperatures associated with cleavage of oxygenated bridges prior to the generation of the other
portion of CO2 which is associated with other reactions such as decarboxylation reactions. When
comparing the bulk kinetics parameters for the generation of polar extracts derived for all Type III
kerogens, we notice a decrease in low-energy bonds with an increase in initial maturity level.
Interestingly, initial 18R and 25R kerogens display similar low-energy bonds but only differ by
the presence of bonds with activation energies between 30 – 36 kcal/mole for 18R that are not
present for 25R. We utilize the bulk kinetic parameters in Table 21 to simulate the generation of
polar extracts in geological settings displayed in Figure 44. We observe a similarity in reactivity
towards the generation of polar compounds between 18R and 25R which confirms a genetic link.
On the other hand, 30R displayed a very different generation curve compared to 18R and 25R;
mainly because of its slightly different low-energy distribution and low yields. 18R, 25R and 30R
kerogens reach their maximum yields of polar compounds at 40oC while Wilcox coal reaches its
maximum yield in polar compounds at around 60oC. Figure 44 shows that in our laboratory we
have successfully mimicked the mild thermal degradation of our samples reaching their maximal
yields at temperatures up to 70oC in geological conditions (with a burial thermal gradient of
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2oC/Ma).

Figure 44. Simulation of the generation of polar compounds in geological conditions for our
selected Type III kerogen using the bulk kinetic parameters displayed in Table 20.
o CO2
The bulk kinetic parameters for the generation of CO2 are displayed in Table 20. The
distribution of activation energies is mainly characterized by high-energy bonds (40 - 48
kcal/mole) and displays a relative increasing trend in low-energy bonds with the increase in initial
maturity level. For instance, the percentage of low-energy bonds for the generation of CO2 from
18R, 25R, Wilcox coal and 30R kerogens are 4.2%, 10.4%, 11.4% and 22.6%, respectively. These
trends indicate that as the kerogen naturally evolves and loses its early polar extracts, making steric
hindrance decrease while the relative accessibility to bonds responsible for the generation of CO2
increases. One may also suggest that the difference or increase in low-energy bonds with initial
maturity level solely lies on the difference in original deposited organic matter and not on the
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difference in maturity level amongst our selected kerogens. The bulk kinetic parameters were also
extrapolated to simulate the generation of polar extract in geological settings which is displayed
in Figure 44. All selected Type III kerogens reach their maximum yields at around 60oC and
tremendously differ in relative reactivity along the thermal maturation. Indeed, 18R and 25R show
very similar trends while 30R and Wilcox coal display trends specific to their complexity. From
10 – 30oC, there exists a first CO2 generation plateau observed and the rapid increase in CO2 is
observed beyond 30 - 35oC (Figure 45). The first generation may be attributed to a co-generation
with polar compounds while the second generation beyond 35oC may be solely attributed to the
thermal alteration of the kerogen matrix.

Figure 45. Simulation of the generation of CO2 in geological conditions for our selected Type III
kerogen using the bulk kinetic parameters displayed in Table 20.
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5. Discussion
In this study, to determine the low thermal stress reactivity of Type III organic matter, we
have selected four Type III kerogens in such a way that three of these four kerogens (18R, 25R
and 30R) originate from deep sediments from the same coring expedition (IODP Exp. 337) and
differ by depth while the fourth Type III organic matter originates from an open-mine in Texas
and displays a similar vitrinite reflectance value as 25R (Wilcox coal). Including Wilcox Coal to
this study is essential in order to assess the similarities and differences in thermal reactivity of
Type III kerogens originating from obviously different depositional environments.
After mimicking the natural evolution of our Type III samples at temperatures up to 90oC for
millions of years in deep sediments, we showed that Type III kerogens are thermally reactive but
generate less products compared to Type II kerogens (Chapter III). The polar compounds,
generated by Type III kerogens, are largely dominated by CHO especially long chain fatty acids
and diacids with even-number dominance and carbon number ranging from C24 to C34. The
generation trend suggests that CO2 is released as a primary product along with asphaltenes.
Therefore, these two products derive from primary cracking of the weakest bonds in the Type III
kerogen. The primary generation of CO2 and asphaltenes is followed by the release of maltenes
which display a trend typical of secondary products. This is consistent with the study of Behar et
al. (2008) who demonstrated that asphaltenes are primary products of kerogen cracking and are
the direct source of maltenes as secondary products. A portion of these secondary products such
as light hydrocarbons (C2 – C4) are from the thermal cleavage of stronger bonds within the kerogen
whereas a significant portion comes from the secondary cracking of asphaltenes and maltenes
(Behar et al., 2008). Moreover, Type III kerogens do not generate H2S which could be due to their
relatively low organic sulfur contents as a result of limited microbial degradation during burial.
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NMR data showed that these Type III kerogens have slightly different maturation trends
partly due to different starting organic matter composition and partly due to their maturity levels.
These two fundamental parameters significantly dictate the thermal stability of the solid matrix.
Moreover, the loss of aliphaticity clearly indicates that during the mild thermal maturation of Type
III kerogen mainly oxygenated-and-highly aliphatic compounds are released and are dominant in
the liquid polar extracts, asphaltenes and maltenes. This observation also confirms that the
depletion in aliphatic moieties occurs naturally in deep sediments due to low thermal stress (Figure
38). We propose that these released aliphatic compounds have characteristics that should make
them available to microorganisms as a food source in the sub-surface.
Mass balances in closed system indicate that gaseous and liquid products during Phase I of
maturation are correlated to the structural changes on the residual kerogen. For instance, in a
previous study (Chapter III), Type II kerogens displayed a co-generation of CO2 and asphaltenes
during Phase I. Here, for Type III kerogens, the generation of CO2 slightly later than and shifted
compared to the generation of asphaltenes and maltenes. This suggests that CO2 and the
asphaltenes/maltenes may have different structural origins. CO2 may result from two different
processes: i) a fraction from reactions responsible for the generation of asphaltenes, and ii) another
portion from other reactions such as mild decarboxylation reactions associated with carboxylated
aromatic functionalities. Asphaltenes and maltenes, with a strong aliphatic character, may results
from cleavages of ether and ester bonds within the kerogen. The combination of those reactions
can explain the changes in the overall chemical structures of our selected Type III kerogens as
observed in the NMR spectra.
The differences observed in the aliphatic band in zone I for all three EXP 337 kerogens
suggest that 18R and 25R are genetically similar with different maturity levels while 30R is either
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a Type III kerogen with a different source of organic matter or one formed by different preservation
processes. However, the NMR spectra of 25R at 250C/24h and 30R at 225C/24h give a hint in a
genetic link between 25R and 30R because the heavily-matured 25R is almost identical to the
initial 30R. This could be due to geological and depositional events that occurred between 1996
mbsf (25R depth of recovery) and 2446 mbsf (30R depth of recovery) which changes their thermal
reactivity.
Recent studies have shown that active traces of consortia of microorganisms were detected
at deeper horizons at temperatures as elevated as 122oC (Takai et al., 2008). Those sedimentary
microorganisms, especially methanogenic consortia, require several sources of energy in forms of
accessible and biodegradable moieties which are scarce in deep sediments. A recent study has
shown that methanogenic consortia are able to directly utilize and modify the kerogen structure to
generate biogenic methane (Mesle et al., 2015) but the kerogen samples used for that study had
already entered its oil-generating stage (catagenesis) and therefore has known tremendous
structural and thermal changes due to extended residence at higher temperatures in geological
scales. That level of maturity is outside of the scope of our study because methanogenic consortia
do not survive at temperatures associated to the maturity level of the kerogen samples used in
Mesle’s study. In this current chapter, long chain fatty acids and diacids along with a minor content
in CHON and CHOS generated during the low thermal stress of these Type III kerogens are
therefore made available to any living organism capable to utilize these compounds as source of
energy and nutrients.
Type III kerogens are derived from lignin-based compounds and humic materials that have
been chemically and physically modified as they are buried and represent terrestrial input to the
natural sediments with relatively rapid burial and sedimentation rates (Largeau and
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Vanderbroucke, 2009). This slightly limits the microbial degradation on the top of the sediments
which highly preserve the organic matter towards deeper horizons. When comparing the mild
thermal alteration of immature Type II and Type III kerogens, we notice that Type II kerogens
(mainly marine sources) generate a greater amount of polar compounds with higher complexity in
Phase I compared to Type III kerogens. Indeed, ODP Sediment (with Ro of 0.3) generated up to
120 mg/g TOC in polar compounds at the end of Phase I (Chapter III) while our Type III kerogen
18R generated only up to 30 mg/g TOC in polar compounds. Moreover, Type II kerogens also
generates a greater complexity in CHOS and CHON compounds representing up to 50% of the
polar compounds and do not exceed 20% for Type III kerogens. This is partly due to the structural
stability of lignin-based matrix making up Type III kerogens at low temperatures. Indeed, at low
temperatures, Type III kerogens retain their lignin-like aromatic character as observed in our
multiple-sequence CPMAS NMR results (Figure 38) while losing their aliphatic character and
oxygenated character as CO2. These aliphatic moieties such as long chain fatty acids and diacids
are derived from waxes of higher plant leaves that were buried and preserved during the natural
evolution and deposition of Type III kerogens (Largeau and Vanderbroucke, 2009). On the other
hand, Type II kerogens are characterized by a more aliphatic, less oxygenated and less aromatic
character compared to Type III kerogen (Chapter III). The NMR analyses of Type II kerogens
during mild thermal alteration have shown an important loss in oxygenated aliphatic character
(Alkyl-O groups) confirmed by our elemental analysis results in our previous study.
The recent findings of huge biogenic methane reservoirs, such as the Leviathan basin, Israel
and Shorouk block discovery in Egypt, has sparked tremendous interest in understanding key
elements responsible for methanogenesis occurring in deep horizons able to trap the gas
underground. We investigate the thermal reactivity of immature Type III kerogen at the end of
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diagenesis and to determine the characteristics of thermally-released compounds during marine
sedimentation at geological temperatures comprised between 0 – 100oC. We simulate the burial of
four immature Type III (terrestrial) kerogens in our laboratory using a closed system pyrolysis in
gold tubes at temperatures ranging from 150 - 225oC and showed that thermal alteration leads to
the generation of a considerable amount of polar compounds mainly dominated by CHOs such as
long chain monoacids and diacids. Our kinetic studies demonstrate that these reactions are
evaluated to occur at temperatures between 10oC to 70oC in geological scales in common
sedimentary depositional conditions (Chapter III). Interestingly, these temperatures cover depths
in the sediments where microorganisms present are not able to directly utilize the recalcitrant
organic matter present. Indeed a recent study on the biodiversity of microorganisms in deep
sediments has shown that microorganisms are present and active at deep horizons at temperatures
as high as 120oC (Takai et al., 2008). Furthermore, amongst the thermally-generated products, long
chain monoacids, long chain diacids and monocyclic compounds with aliphatic side chain
harboring a carboxyl group are excellent substrates for the acetate fermentation pathway because
these molecules can be microbially metabolized into acetate by a specific family of
microorganisms referred to as primary fermenters which are very important during
methanogenesis (Horsfield et al., 2006). The acetate generated by primary fermenters can undergo
acetoclastic methanogenesis pathway and contribute to the production of biogenic methane in
deeper sediments.

6. Conclusion
The aim of this study was to follow the mild thermal maturation of four Type III kerogens
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varying in maturity levels and depositional environments in order to characterize and define the
kinetic parameters for the generation of thermally-generated products. We attempt to evaluate the
contribution of thermal transformation of recalcitrant Type III organic matter into biogenic gas
formation in deep sediments. In our laboratory, ultrahigh resolution ESI-FT-ICR-MS and solid
state 13C NMR CPMAS multisequence technique allowed the characterization of the thermallygenerated polar compounds and the variation in bulk functionalities in the solid matrix,
respectively. We utilize ESI-FT-ICR-MS in both qualitative and quantitative manners to analyze
the polar compounds generated during Phase I of maturation of Type III kerogens. Quantitative
measurements were optimized via advanced kinetic modeling software to derive the kinetic
parameters for the early generation of CO2 and especially polar compounds. Applying this
methodology to our four selected Type III kerogens with varying maturity levels and depositional
origins, we successfully evaluate the changes in yields and complexity of polar compounds on a
molecular scale and define its occurrence in geological settings. Polar compounds here, composed
of asphaltenes and maltenes, are highly dominated by CHO compounds such as long chain
monoacids, diacids and monoacids with one alcohol group derived from higher terrestrial plants.
Those molecules are easily degradable by primary fermenters and play a major role for the
activation of methanogenesis in deep sediments. Our kinetic study shows that these thermal
cracking reactions correspond to a slow burial of organic matter in natural sediments at
temperatures ranging from 10oC to 70oC.
At the end of our study, we can conclude that, in mg/g TOC, Type III kerogens are less
reactive and generate lesser polar compounds than Type II kerogens at geological temperatures
ranging from 10 to 90oC. This gives us great insights in their respective contribution towards the
findings of huge reservoirs of biogenic methane. Overall, the main factors controlling the thermal
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stability of Type III kerogen and even other Types of kerogen primordially lies on deposition
environments and the natural preservation processes altering the chemical and physical properties
of the buried organic matter prior to thermal alteration. We also propose that as long as the
adequate or optimal methanogenic consortium of microorganisms is present in sedimentary
systems at those temperature ranges, the organic matter will be reactive depending on its Type and
characteristics which will lead to the generation of polar compounds easily biodegradable.
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CHAPTER VI
CONCLUSIONS AND FUTURE WORK
1. Conclusions
The principal focus of the studies outlined in this dissertation was to evaluate the contribution
of the thermal alteration of organic matter recalcitrant to microbial degradation and its implications
towards the generation of huge pockets of biogenic methane in deep sediments. Utilizing artificial
maturation approach and advanced analytical techniques, it was demonstrated that, beyond
diagenesis at temperatures between 10 to 90oC , immature Type II and Type III kerogen are
thermally reactive and yield significant amounts of carbon dioxide and light polar compounds
which display labile characteristics and are made available to deep microbial populations. Results
indicate the dominance of long chain fatty acids and diacids in polar compounds generated which
are easily degradable by microorganisms responsible for the generation of biogenic methane in
natural sediments. These results do not only shed light on the thermal reactivity of Type II and
Type III kerogens beyond diagenesis, but also the potential generation of important substrates
towards methanogenesis and the formation of supergiant methane reservoirs.
To obtain an enhanced chemical understanding of the thermal alteration of immature Type II
and Type III kerogens, several advanced analytical techniques were utilized and several data sets
were correlated to obtain a comprehensive characterization that has not been previously reported.
To characterize the thermal changes submitted to the solid matrices, I heavily relied on the cross
polarization magic angle spinning (CPMAS) 13C nuclear magnetic resonance (NMR), elemental
analysis (EA) and Rock-Eval analyses. The complex nature of the liquid polar products, maltenes
and asphaltenes, required an in-depth molecular level characterization provided by the use of
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electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI-FTICR-MS). And the gaseous products were separated and analyzed by the use of gas
chromatography coupled with mass spectrometry (GC/MS).
After satisfying mass balances, the qualitative and quantitative analyses of the main products
were valid and allowed the understanding of thermal maturation involved in the burial of Type II
and Type III kerogens. Gaseous analyses showed that carbon dioxide (CO2) is the major gaseous
products (over 95%) throughout the entire artificial maturation and its generation is inverse
proportional to the maturity level. Indeed, mature kerogens tend to release lesser CO2 than
immature kerogen. This was observed for both Type II and Type III kerogens. This CO2 generation
was attributed to the cleavage of weak oxygenated bonds within the solid matrix such as ester
linkages based on CPMAS 13C NMR results. This thermal CO2 was believed to contribute to the
production of biogenic methane via CO2 reduction pathway but microorganisms generate enough
CO2 via the degradation of labile organic compounds to tap into this thermal CO2 to generate
biogenic methane. In comparison, my most immature Type II kerogen (ODP sediment, R o = 0.3)
generated up to 384 mg CO2/g TOC while my most immature Type III kerogen (18R) generated
up to 120 mg CO2/g TOC at the end of Phase I. During Phase I, minor to no secondary gaseous
products such as light hydrocarbons were observed which indicated that only the direct degradation
of the kerogen was simulated. Elemental analyses and Rock-Eval analyses showed that during
Phase I the solid kerogen loses a major portion of oxygenated compounds and aliphatic
characteristics. These chemical characteristics are expected to have been transferred to the liquid
products generated.
Following the analysis of gaseous products, I evaluated the structural changes that my selected
Type II and Type III kerogens exhibit via CPMAS

13

C NMR during Phase I of the thermal
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maturation. Results showed that immature Type II kerogens contain great amounts of
polymethylenic (ppm) and aromatic (ppm) functionalities but they are also marked by the presence
of aliphatic oxygenated or sulfurated (ppm) bonds (CH2-O- or CH2-S- for Bazhenov S.R.) and
carboxylic bonds which are both significantly lost during the maturation to liberate CO2 and polar
compounds. Therefore, Type II kerogens are characterized by an aromatic core which remain
stable during Phase I and aliphatic moieties surrounding the aromatic matrix which are easily lost
during mild thermal maturation to release CO2 and aliphatic polar compounds. Immature Type III
kerogens, on the other hand, are composed of aliphatic (polymethylenic, ppm) moieties, an almost
inexistent oxygenated band (ppm), a dominant aromatic (ppm) band due to the presence of ligninbased components of Type III kerogens, and a small carboxylic/ester (ppm) band. Type III
kerogens displayed different overall structural changes compared to Type II kerogens; mainly the
aliphatic moieties are clearly diminished during Phase I leaving a solid residue practically
unchanged beyond chemical shift of 40ppm. I concluded that the structural identity of Type III
kerogens is more thermally-resistant than Type II kerogens at low temperatures. And this implies
that Type III kerogens possess homogeneous characteristics that are retained during Phase I and
only liberate aliphatic moieties harboring a polar character leaving a solid residue almost
unchanged compared to Type II kerogens. Type II kerogens possess a heterogeneous character
which undergoes alteration as the maturation increases; here oxygenated moieties are removed
first then aliphatic moieties are removed to leave a mainly aromatic solid residue.
Prior to subjecting the liquid products to molecular level characterization via ultrahigh
resolution ESI-FT-ICR-MS, I developed a quantitative technique using the combination of
standard addition and response factor that I used for the scope of my study to quantify long chain
fatty acids and diacids generated during the thermal alteration of Type II and Type III kerogens.
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Applying this technique to maltenes and asphaltenes, I have shown that the great loss in
oxygenated and aliphatic characteristics of the solid matrices was observed as the dominant
presence of aliphatic CHO compounds in maltenes and asphaltenes. Indeed, CHO compounds
were the most abundant polar compounds and are dominated by aliphatic fatty acids and diacids
with carbon number ranging from 12 to 45 and DBE ranging from 1 to 4 corresponding to
saturated, mono-unsaturated, mono-cyclic, di-unsaturated and di-cyclic CHO compounds. The
only exception was for Bazhenov S.R which is a Type II-S kerogen and was therefore dominated
by CHOS compounds which were slightly more dominant than CHO compounds. Microorganisms
are known to easily degrade aliphatic moieties especially fatty acids and diacids in natural
sediments. Therefore, thermally-generated maltenes and asphaltenes possess labile characteristics
and are made available in zones of the sediments where the organic matter was known to be
recalcitrant for microbial degradation. Other compounds families such as CHOS, CHON, CHS,
CHN and CHONS moderately displayed little to no aliphatic characteristics but can be used as
nutrients driven the metabolism of microorganisms. Using a quantitative approach I developed
combining standard addition and ESI-FT-ICR-MS, the absolute yields of monoacids and diacids
were determined for Type II and Type III kerogens. The similar approach was applied on the other
subfamilies of CHO compounds making the assumption that the ones with 2 or 3 oxygen atoms
respond like monoacid standards and the ones with 4 or more oxygen atoms respond like diacid
standards. My most immature Type II kerogen (ODP sediment) generates up to 60 mg CHO/g
TOC while my most immature Type III kerogen (18R) yields up to 22 mg CHO/g TOC during
Phase I. Based on total product yields, structural changes and bulk kinetic studies, Type III
kerogens are less thermally reactive than Type II kerogens at low temperatures and therefore per
gram of TOC Type III kerogens release less polar compounds than Type II kerogens.
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To further examine the thermal reactivity of immature Type II and Type III kerogens, I
assessed the bulk kinetics parameters in order to determine the activation energy populations of
the chemical bonds cleaved during Phase I responsible for the generation of CO2 and polar
compounds (maltenes and asphaltenes) and to confirm that I successfully mimicked lowtemperature burial of organic matter by simulating the optimized bulk kinetic parameters in
geological scale. Indeed, I have shown that the chemical bonds cleave during Phase I of the thermal
maturation of my selected Type II and Type III kerogens have activation energies ranging from 30
– 48 kcal/mole. Immature kerogens were characterized by the presence of chemical bonds with
more abundant low activation energies (between 30 – 38 kcal/mole) than mature kerogens because
immature kerogens possess more thermally-fragile chemical bonds than more mature kerogen. For
Type II kerogens, CO2 and polar compounds were generated simultaneously and displayed similar
generation curves; therefore I concluded that they both originate from the similar chemical bond
cleavage and their bulk kinetics parameters were optimized for their co-generation. I concluded
that Type II kerogens thermally lose oxygenated bridges such as esters that are cleaved to liberate
polar compounds from the solid matrix which undergoes major structural changes as shown in
NMR results. Type III kerogens displayed different generation curves for CO2 and polar
compounds in such a way that CO2 was generated later than polar compounds. Consequently,
activation energies were slightly shifted towards higher values for the thermal generation of CO 2
compared to the activation energies for the generation of polar compounds. I concluded that Type
III kerogens, unlike Type II kerogens, retain their aromatic-based overall structure and lose
aliphatic characteristics first and then oxygenated bridges such as esters within the polar
compounds and on the outer region of the solid residue are cleaved to generate CO2.
Thus, I have successfully performed a mild thermal maturation of Type II and Type III
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kerogens mimicking their natural sedimentary burial at geological temperatures ranging from 10
– 90oC for millions of years. Advanced analytical tools used throughout my dissertation work have
shown that Type II and Type III kerogens are thermally reactive and generate CO2 and polar
compounds dominated by aliphatic monoacids and diacids which are easily degradable by
microorganisms. With the discovery of methanogenic consortia of microorganisms residing in
deep sediments with temperatures reaching up to 120oC, new sources for substrates are explained
in my dissertation work in such a way that those polar compounds generated between 10 o – 90oC
will be made available and heavily degraded by microorganisms to generate biogenic methane.
The main limiting factors are indeed the persistence of interstitial space (porous space) in which
microorganisms colonize and metabolize on the thermally generated substrates and the presence
of electron acceptors such as hydrogen gas provided from the splitting of water molecules by
hydrogenotrophic bacteria.

2. Future work
The research outlined in this dissertation work leads the way to many research directions which
can be logical continuation to this work. The most captivating expansion would be to recover the
polar compounds generated during the mild thermal alteration of Type II and Type III kerogens,
extract the water-soluble fraction and to perform a methanogenesis assay on the water-soluble
extracts and the entire polar compounds using indigenous methanogenic consortium of
microorganisms with controlled additional factors such as nutrients, electron acceptors, variation
of sediment pore sizes and incubation temperatures. This investigation will provide insights on the
optimum conditions necessary in deep sediments for maximum biogenic gas potential including
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the effects of temperatures and pressures on water solubility for microbial accessibility. It is
currently accepted that methanogenic consortia in deep sediments must be feeding on light polar
compounds to generate biogenic methane (Horsfield et al., 2006; Parkes et al., 2007); however
based on findings in chapter II to IV, it is likely that maltenes and asphaltenes thermally-generated
also contributes to the feeding of microorganisms. Moreover, theoretically, the most dominant
species of polar compounds, which are long chain fatty acids and diacids, are most likely to be
concentrated at the hydrophilic-hydrophobic interface and will be accessible to microorganisms.
In addition to the methanogenesis assay of the polar compounds generated from the mild
thermal maturation of Type II and Type III kerogens, it is also necessary to obtain the
compositional and structural changes observed during the mild thermal alteration of Type II
kerogens varying in maturity levels and originating from the same depositional environment. This
will focus on the direct transformation of the kerogen independently to the organic matter origins
and/or depositional environment or sedimentation rates. In this dissertation work, I chose three
Type II kerogens varying in maturity level but located in three different geographic and geological
locations. And it is widely known that organic matter in different sedimentation environment
undergoes different selective preservation processes and leads to the formation of different
kerogens (Tissot and welte, 1978).
Another research aspect to pursue could be to isotopically correlate the gaseous and liquid
thermally-generated products to the in-situ biogenic methane present in sediments dominated by
methanogenesis and biogenic methane reservoirs. It is currently accepted that biogenic methane
formation is isotopically specific and has been extensively followed in natural sediments
(Horsfield et al., 2006, Parkes et al., 2007). Future research may focus on the isotopic conversion
of CO2 and light polar compounds into biogenic gas while including isotopic diffusion corrections
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in order to isotopically explain the formation of huge reservoirs of biogenic methane.
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Electrospray Ionization

FAME

Fatty Acid Methyl Ester

Fe

Iron

FID

Flame Ionization Detector

FT

Fourier Transform

FTMS

Fourier Transform Mass Spectrometry

GC

Gas Chromatography

GRS

Green River Shale

h

Hour

H

Hydrogen

H2

Dihydrogen or Hydrogen gas

H/C

Hydrogen atoms/Carbon atoms ratio

HC

Hydrocarbons

229

HI

Hydrogen Index

H2S

Hydrogen Sulfide

ICR

Ion Cyclotron Resonance

IFP

Institut Francais de Petrole

Kcal

Kilocalories

LCFA

Long Chain Fatty Acids

LOD

Limit of Detection

Log

Logarithm

LOQ

Limit of Quantification

m/z

Mass per Charge

Ma

Millions of years

Malt

Maltenes

Mbsf

Meters Below Seafloor

MeOH

Methanol

Min

Minutes

mL

milliliter

MS

Mass Spectrometry

230

N

Nitrogen

N2

Nitrogen gas

n-C5

Pentane

ng

nanogram

NHMFL

National High Magnetic Field Laboratory

NMR

Nuclear Magnetic Resonance

NSO

Nitrogen, Sulfur and Oxygen containing compounds

O

Oxygen

O/C

Oxygen atoms/Carbon atoms ratio

ODP

Ocean Drilling Program

OI

Oxygen Index

OM

Organic Matter

OSP

Open System Pyrolysis

Ph.D.

Doctor of Philosophy

PM

Peak Magnitude

Ro

Vitrinite Reflectance

RE

Rock-Eval
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